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ABSTRACT 
 
 Since the time of Wallace and Darwin, ecologists have sought to describe the 
“Rules of Assembly” – a set of basic, universal tenets that would regulate the 
composition, structure, and dynamics of groups of organisms in the same manner as the 
laws of physics and chemistry regulate interactions of matter in the universe. To date, 
these “Rules of Assembly” have proven elusive, and several authors have postulated that 
the inherent complexity of natural communities precludes investigators from ever 
describing these rules. In this dissertation, I used data from benthic diatom communities 
of tropical (Lake Matano, Sulawesi, Indonesia) and temperate (Mazinaw Lake, Ontario, 
Canada) freshwater lakes to evaluate several novel models regarding the mechanisms that 
regulate the composition, structure, and relative abundance of biological communities. I 
demonstrated that in Lake Matano, diatom communities exhibited high degrees of small-
scale patchiness and were not regulated by geographic proximity or substrate 
characteristics. The small scale patchiness exhibited by this system was a result of a high 
degree of ecological specialization among the diatom taxa of the lake. Such elevated 
levels of ecological specialization were shown to be characteristic of low-latitude 
habitats. In general, groups of species with higher levels of ecological specialization 
exhibited higher levels of taxonomic diversity and lower species abundances, and my 
results demonstrate that more specialized taxa tended to partition resources while 
generalists were more prone to competitive effects.  In colonization experiments, 
assemblages from low latitudes proceeded quickly through the early successional period 
and exhibited deterministic community structure in as little as ten days. This 
deterministic structure was not observed in similar experiments conducted in a temperate 
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system and succession was frequently “reset” by weather events. Additionally, taxa from 
within the tropical assemblage responded independently when subjected to a simulated 
upwelling event, and neither simulated nor actual disturbances invoked changes in 
community composition in this system. In summary, I proposed the following “Rules of 
Assembly” as they pertain to diatom communities:  
1. Niche breadth, or ecological specialization, is determined by tradeoffs between 
temporal and spatial habitat variability.  
2. Taxonomic richness and species abundance are regulated by ecological 
specialization. 
3. Whether community structure and dynamics are primarily influenced by 
deterministic or stochastic mechanisms is regulated by ecological specialization 
and environmental conditions. 
4. Community response to perturbation is determined by ecological specialization. 
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“Nature seems to have taken every precaution that these, her choicest treasures, may not 
lose value by being too easily obtained.” 
 
 
 
- Alfred Russel Wallace 
 
 
 12 
CHAPTER 1: 
THE MALILI LAKES: A NATURAL LABORATORY FOR ECOLOGY AND 
EVOLUTION 
 13 
 Before Ernst Haeckl coined the term “ecology,” naturalists have sought to 
understand the manner in which species interact with one another, and with their abiotic 
environments. Unlike physics and chemistry, ecology has yet to establish basic tenets that 
govern the dynamics of biological assemblages. Identifying these “rules of assembly” has 
proven elusive, and out of necessity, much of our understanding of community structure 
in biological assemblages has been descriptive. Several authors have proposed general 
“rules of thumb” for predicting community dynamics and pattern. Tilman (1982) 
proposed a set of mechanistic models that served to predict the outcomes of interspecific 
competition in simple food webs. Further simplification of these models demonstrated 
that exploitative interspecific competition outcomes could be predicted by a simple rule 
of thumb – the species that depresses limiting resources to the lowest level consistent 
with its own maintenance (R*) is generally the most successful in competitive 
interactions (Tilman 1990).  Similarly, Holt et al. (1994) showed that the dominant prey 
species in a competitive interaction is generally the one that maintains the highest density 
of a shared predator. These authors cautioned, however, that the utility of these rules of 
thumb is limited by the existence of multiple limiting resources and shared predators, and 
general theories of competition and predation, they note, seem to be “lost in a sea of 
special cases.” Drake (1990) reviewed a series of contolled laboratory and field 
experiments that exhibited “assembly rule phenomena.” Drake postulated that while there 
was sufficient evidence that assembly rules can regulate community pattern, the rules 
themselves are difficult to uncover in natural communities. While “bundles” of rules 
could apply to specific communities, Drake concluded that much further work was 
required prior to the proposal of a set of generalized rules. 
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The dynamics of most biological communities will remain difficult to resolve 
without a set of basic constructs that provide a framework for community function and 
biological interactions. Most natural systems harbor sufficient abiotic, biological, and 
anthropogenic complexity in time and space to confound understanding of all but the 
simplest interspecific relationships. Some authors have argued that this complexity 
precludes the establishment of a set of general rules (Lawton 1999, Simberloff 2004). 
Many investigators have therefore opted to study community by using manipulative 
studies of pairwise species interactions (McGill et al. 2006), or by observing assemblages 
that are taxonomically poor or existing in extreme or unique environments (Tilman 1977, 
Hubbel 1980, Grover 1988, Wall & Virginia 1999 Shea & Chesson 2001).  
Within community ecology, there is continued debate over whether natural 
communities are regulated by stochastic or deterministic processes. Early focus on 
dynamics of plant communities led to the concept of ecological succession to a stable 
climax community (Clements 1916). Within Clements’ (1916) framework, disturbance 
was considered to be relatively unimportant to community processes, and all 
communities were thought to eventually arrive at the climax condition appropriate to 
their regional microclimate. Subsequently, Tansley (1935) and Whittaker (1953) 
argued that no single climax state existed for any community. Alternatively, they 
suggested that a community could proceed towards any one of a number of multiple 
steady states determined by subtle differences in ambient conditions.  
Several other authors have argued against deterministic processes regulating 
community structure, as well as the concept of climax communities (whether mono-or 
polyclimax) in particular. In his seminal lecture, “Pattern and Process in the Plant 
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Community,” Watt (1947 as cited in Wu & Loucks 1995) argued that plant communities 
were not fixed climax communities, but mosaics of patches in various states of recovery 
from perturbation. Stochastic mechanisms related to disturbance have been invoked to 
describe dynamics in many habitats including grasslands (Loucks et al. 1985), forests 
(Botkin et al. 1972, Shugart 1984) and intertidal zones (Paine 1966, Levin & Paine 1974, 
1974).  
Among the many lakes of the world, a few are unique in that they are several 
orders of magnitude older than the majority (Brooks 1950). These ancient lakes are often 
arenas of speciation and are hotspots of global biodiversity with their biota frequently 
dominated by endemic taxa. The striking endemism of these systems alludes to their 
uniqueness, and they are regarded by many ecologists and evolutionary biologists as 
important “natural laboratories.” The Malili Lakes (Fig. 1), located on central Sulawesi 
Island, Indonesia, are unique among ancient lakes in that they alone form a hydrological 
continuum (Brooks 1950). Lake Matano, the headwater of the chain, is a graben lake with 
a maximum depth of 590 m (Van Bemmelin 1970) and is estimated to be approximately 
4 million years old (Brooks 1950, Haffner et al. 2001). Matano drains into Lake 
Mahalona through the Petea River at a rate of 25–30 m
3
s
-1
. Mahalona further drains via the 
Tominonga River into Lake Towuti, which is in turn drained by the Larona River. 
Although also tectonic in origin, due to the complex faulting of the region, the lower two 
lakes are not graben lakes, and have maximum depths of 72 m and 220 m, respectively. 
Lakes Masapi and Lontoa are small satellite lakes adjacent to Lake Towuti. Although 
these smaller lakes share a common drainage with the other lakes within the chain, they 
receive no advective flow. 
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Studies of the limnology of the lakes began with Sarasin and Sarasin (1895) who 
conducted a cursory examination of Lake Matano. Van Bemmelin (1970) described 
Matano as classical example of a graben lake, located within a major strike-slip fault that 
was probably created when Sulawesi was formed in the late Pliocene. Matano’s drainage 
basin is comprised primarily of ultrabasic bedrock containing elevated concentrations of 
several metals, specifically iron and nickel (Silver et al. 1978, Hope 2001). The 
concentrations of many of these metals are also elevated in the water column of the lake 
itself (Crowe et al. 2008), and are thought to influence algal and microbial production 
dynamics within the planktonic community of the lake (Crowe et al 2008, Sabo et al. 
2008). Water chemistry in Lakes Mahalona and Towuti remains very similar to that in 
Matano (Table 1).  
Despite the fact that the Malili Lakes represent the oldest island-based aquatic 
ecosystems in the world (Haffner et al. 2001), their ecology has not been addressed until 
relatively recently. The fishes of Lake Matano were first documented by Boulenger 
(1897), and it wasn’t until the late 1980s that Kottelat (1990a, b, 1991, 1992) described 
the fishes from the other lakes in the system. A German expedition led by Woltereck in 
the late 1930s resulted in the description of many protozoa and small animal taxa from 
the system, many of which were endemic (Woltereck 1937a, b). Hustedt (1942a, b) 
reported over 250 taxa of diatoms from the Malili Lakes. Many of these species were 
restricted to the drainage basin, or to individual lakes within the system, and Hustedt 
(1942a) remarked that he anticipated the observation of a much higher degree of 
endemism as further taxonomic work was conducted in the system. The high level of 
endemism historically reported from various taxonomic groups within Sulawesi’s lakes is 
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consistent with the findings of several authors who have reported high levels of 
endemism among Sulawesi’s terrestrial fauna and flora (Wallace 1860, Meyers et al. 
1999, Whitten et al 2002).  
More recent investigations of the biota of the Malili Lakes have not only verified 
Hustedt’s (1942a) speculations, but have also revealed unexpected floristic and 
distributional patterns in several taxonomic groups. The fishes represent the most 
comprehensively studied group of organisms within the system. Kottelat (1990a, b, 1991, 
1992) reported a total of 19 taxa of fishes representing four families from Lakes Matano, 
Mahalona and Towuti. Subsequent analysis utilizing molecular techniques by Roy et al. 
(2004, 2007a,b), Herder et al. (2006), Schwarzer et al. (2008) and Walter et al. (2008) 
have helped elucidate phylogenetic relationships among fishes within the genera 
Telmatherina and Paratherina, from the family Telmatherinidae. Currently, multiple 
species are recognized within 3 distinct mitochondrial lineages within the Telmatherina 
in Lake Matano (Roy et al. 2007a). Interestingly, geometric morphometrics of the 
feeding apparatus of these fishes, coupled with diet and stable isotope analysis revealed 
that the three genetic lineages correspond with three feeding guilds within the lake – 
benthic, limnetic, and intermediate “generalist” feeding groups. This finding suggests that 
food resource partitioning has had an important role in the sympatric radiation of 
Telmatherinid fishes in Lake Matano. Walter (2008) demonstrated a similar pattern of 
adaptive sympatric speciation in fishes of the genus Paratherina in Lakes Mahalona and 
Towuti.  
While both Roy et al. (2007a,b) and Walter et al. (2008) postulate that species 
radiations within the Malili Lakes were driven by resource partitioning in a highly 
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competitive environment, Herder et al. (2006, 2008) argued that introgressive 
hybridization has also had an important influence on the development of Telmatherinid 
fish taxa in the Malili Lakes system. Herder et al. (2006) also suggested that the 
connecting channels and tributaries of the Malili Lakes have served as refugia and zones 
of hybridization during times of stress or low water levels. Community dynamics in the 
Malili Lakes Telmatherinids, therefore, appear to be driven largely by ongoing 
deterministic processes related to resource partitioning in times of stability, and 
components of generalism and stochasticity exert an influence on the community in times 
of stress. Despite the assertion of Herder et al. (2006) that less taxonomically rich 
endemic species flocks represent ideal systems in which to study patterns of adaptive 
radiation and introgression, the fish community of the Malili Lakes is not sufficiently rich 
to adequately test community ecology theory. Additionally, there remains substantial 
uncertainty as to the taxonomy and systematics of the Malili Lakes fishes, and we must 
therefore rely on other species-rich groups for community analysis.  
Aside from the fishes, the best documented aquatic fauna from Sulawesi are the 
Gastropods, Decapods, and more recently, zooplankton. Roy et al. (2006) demonstrated 
that small-scale vicariance and micro-allopatric processes have functioned in the genetic 
and morphological divergence of populations of the decapod Caridina lanceolata from 
Lakes Matano and Mahalona. In this case, the Petea River was cited as an important 
barrier to gene flow between the two lakes, and these data are consistent with data from 
the Telmatherinid fishes of the system (Roy et al. 2004, 2007a). Similarly, von Rintelen 
et al. (2004), von Rintelen & Glaubrecht (2005) and Glaubrecht & von Rintelen (2008) 
suggested that the topography and drainage geography of Sulawesi have had an important 
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influence on the development of endemic species flocks within the gastropod genus 
Tylomelania in the Malili and Poso drainage basins. Currently, 25 species of Tylomelania 
have been reported from the Malili Lakes system, with many taxa restricted to single 
lakes, or indeed single islands or capes within lakes (Glaubrecht & von Rintelen 2008). 
Although allopatric processes have had an influence on the gastropod evolution on 
Sulawesi, adaptive differentiation of the trophic apparatus has provided the primary 
driving force in the radiation of the lacustrine forms (von Rintelen et al. 2004) and within 
Sulawesi’s lakes, up to seven species have been reported within single habitat patches 
with sufficient structural complexity (Glaubrecht & von Rintelen 2008) as opposed to the 
single species per patch typical of lotic systems. Additionally, taxa exposed to predation 
by large, molluscivorous crabs have evolved thicker shells than those occupying crab-free 
systems. In an interesting case of proposed co-evolution, the chelae of crabs within these 
same systems are enlarged, and often bear multiple calcified dentitions (Glaubrecht & 
von Rintelen 2008).  
The zooplankton species of the Malili Lakes are consistent with the fishes and 
other invertebrates in that they too are mostly endemic. Morphologically, copepods 
appear to be the same taxon from lake to lake. Recent molecular work, however, has 
shown subtle genetic differences among populations that may warrant distinction as 
separate cryptic species (Cristescu unpublished data). In Lake Matano, zooplankton 
density is typically very low, and the community is comprised of few taxa that show 
a strong vertical structure in the water column (Sabo et al. 2008). The depauperate 
nature of Matano’s zooplankton community is probably due to minimal primary 
production, as well as poor food quality of the dominant dinoflagellate taxon, 
 20 
Peridinium palustre var. raciborskii. Additionally, community responses to possible 
selective pressures such as Cr toxicity (Sabo et al. 2008) may exert a structuring 
influence on the zooplankton community of the lakes (see Fernando 1987).  
The evolutionary and distributional trends within various groups of macrofauna 
within the Malili Lakes are remarkably congruent – taxonomically impoverished 
communities typically comprised of ecologically specialist endemic taxa, many of which 
have evolved through resource partitioning in sympatry. The question remains, however, 
what are the mechanisms that generate ecological specialization within a community? Is 
there a cost associated with being endemic? Are endemic taxa typically specialists? The 
taxonomic groups discussed thus far simply do not provide sufficient numbers of taxa or 
individuals to address these questions, and we must turn to more numerous, smaller taxa, 
including the phytoplankton and microphytobenthos.  
In the Malili Lakes, exceptional water clarity (Secchi disk depths of 20+ m in 
Matano and Towuti) hints at an unproductive, highly oligotrophic system. In fact, 
reported phytoplankton biomass estimates of 2.0 x 10
-3 
mg L
-1 
to 0.013 mg L
-1 
for Lake Matano 
(Lehmuslotto et al. 1999, Sabo et al. 2008) place it among the most unproductive lakes 
according to Reynolds et al’s (2000) classification system for lake productivity. In 
contrast, Lake Tanganyika, another tropical lake with similar morphology to Matano 
sustains a phytoplankton biomass of 0.9 mg L
-1 
(Reynolds et al. 2000). In the first 
comprehensive study of the planktonic community of Lake Matano, Sabo et al. (2008) 
reported that the taxonomic diversity of Lake Matano’s phytoplankton is reflective of 
the low biomass, and is comprised primarily of small cyanoprokaryota (picoplankton) 
and an endemic diatom, Brachysira longirostris. The remainder of Matano’s sparse 
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pelagic assemblage is composed of desmids, single-cell and colonial chlorophytes, and 
dinoflagellates. Many of these taxa, including B. longirostris, however, also figure 
prominently in Matano’s littoral microbenthos, and may not represent truly planktonic 
forms (Sabo et al. 2008, Bramburger et al. 2004). Interestingly, with the exception of 
the diatoms, the majority of taxa within Matano’s phytoplankton community do not 
represent strictly endemic forms and this result is in contrast with findings from other 
taxonomic groups in the system. Despite their morphological similarity, ongoing 
molecular work in this group also demonstrated the potential importance of adaptive 
processes on a local scale.  
The benthic diatom flora of the Malili Lakes was first described by Hustedt 
(1942a, b). A more recent survey by Bramburger et al. (2004) revealed unexpected fine-
scale structure in the diatoms of Lakes Matano, Mahalona, Towuti, and Masapi. Like the 
gastropods (Glaubrecht & von Rintelen 2008), the diatom assemblage of the Malili Lakes 
is dominated by endemic taxa (~95% Bramburger et al. 2004, 2006), and many taxa are 
restricted to single lakes, or even to specific areas within lakes. In fact, of the 265 taxa 
reported from the Malili Lakes, only 7 were found in all 4 of the lakes surveyed 
(Bramburger et al. 2004). These results stand in stark contrast to the classically held 
paradigm of cosmopolitan diatom distributions (Cleve 1894, 1895) and current notions 
concerning homogenization of freshwater biota on regional or larger scales (Simberloff 
and Van Holle 1999, Rahel 2002). In all 4 of the lakes surveyed, Bramburger et al. 
(2004) reported that very few taxa were responsible for the vast majority of the numerical 
abundance of the diatom communities, and most taxa could be described as extremely 
rare (Fig. 2), with differences in the assemblage of rare taxa accounting for the bulk of 
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lake-to-lake differences.  
In order to quantify differences and similarities in the diatom assemblages of the 
Malili Lakes, Bramburger et al. (2004) used similarity indices. There were no significant 
differences in assemblage similarity regardless of the lakes included in the pairing, 
suggesting that the diatom assemblages of the lakes evolved independently, and advective 
propagule input from Lake Matano had little influence on the assemblages of downstream 
lakes. In addition to advective transport, diatoms disperse over long distances by a host of 
vectors including suspension on wind currents as aerosols or dust particles (Darwin 1841) 
and through various human and animal mediated means. It is therefore assumed that 
diatom propagules have reached the Malili Lakes at least from other freshwater bodies in 
the region. Surprisingly, unlike other lakes in the Southwest Pacific, and other lakes on 
Sulawesi, the Malili Lakes are entirely devoid of the order Centrales, the centric diatoms 
and other cosmopolitan planktonic taxa (Bramburger et al. 2004). In other ancient, 
tropical systems, including Lake Poso, also on Sulawesi, centric diatoms comprise a 
substantial portion of the planktonic diatom community (Hustedt 1942a, Richardson & 
Richardson 1972, Haberyan 1985). These findings indicate that the Malili Lakes, as a 
system, have been resistant to colonization from other systems and that processes 
operating at the within-lake or smaller scales have had a strong influence on the 
development and maintenance of the endemic species community of the Malili Lakes, but 
what is the nature of these processes?  
With minimal effects of colonization from external sources, very little 
anthropogenic disturbance, a high degree of climatic stability and fewer taxa than other 
limnetic diatom assemblages, the benthic diatom communities of the Malili Lakes present 
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an ideal system in which to examine the mechanisms that regulate the composition and 
dynamics of biological communities. In this dissertation, I evaluate the influence of 
spatial and temporal habitat heterogeneity on the composition, relative abundance, 
distribution, and ecological function of taxa in natural diatom communities. I also 
examined the interaction between perturbation regimes and intrinsic community 
characteristics and its role in determining community dynamics on various spatial and 
temporal scales.  
Does determinism exist as an underlying mechanism in the organization and 
structure of natural diatom communities? If so, we should observe evidence of 
deterministic structure and dynamics across systems. Interestingly, the majority of more 
recent descriptions of deterministic processes have come from studies of tropical systems 
(Holway et al. 2002, Au et al. 2006, Radford et al. 2008) and most authors investigating 
temperate or polar systems tend to describe stochastic dynamics (Kneitel & Perreault 
2006, Östman et al.2006). Does latitude exert an influence on the relative importance of 
stochastic and deterministic mechanisms in the regulation of biological communities?  
Here, I seek to provide insight into the nature of stochasticity and determinism in 
natural communities by synoptically and manipulatively evaluating community structure 
and dynamics of benthic diatom communities from freshwater systems within 3 
latitudinal categories – tropical, temperate, and polar. I also examine the case of the 
southern shoreline of Lake Matano around the town of Sorowako to demonstrate the 
influence of anthropogenic stress on the relative importance of stochastic and 
deterministic processes on a larger scale.  
In this dissertation, I propose and evaluate several new models related to 
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community structure and dynamics. The first model is a habitat specificity model that 
uses distributional data to assess the degree of ecological specialization of groups of taxa 
at various levels of organization (i.e. genus, lake assemblage, regional community). 
Basically, this model uses a simple exponential decay function to approximate a 
probability curve for predicting species occurrence in additional habitat patches. In 
general, if a group is comprised primarily of specialist taxa, the probability of occurrence 
in additional patches decreases rapidly, and the habitat specificity constant (k) is high. 
Conversely, in a system comprised largely of generalist taxa, the decline of the 
probability curve is much more gradual, and k is low (Fig 2). Here, I examine the 
differences in the modeled habitat specificity constant among assemblages from systems 
at different latitudes, and among genera within various systems. I hypothesize that taxa 
are less specialized (more generalist) in systems at higher latitudes, corresponding to 
increased temporal variability in habitat characteristics. Furthermore, I hypothesize that 
the degree to which a group of species are specialized is related to the number of taxa 
within the group and to the abundance of individuals within each taxon in the system.  
The composition of an assemblage, in terms of the degree to which it is comprised 
by generalist or specialist taxa affects not only the overall structure, but also the 
dynamics of the community.  
The second model I evaluated in this dissertation examines the colonization 
dynamics of benthic diatoms onto bare glass microscope slides in lotic freshwater 
systems. Preston (1948) proposed the idea of the “veil line,” the threshold abundance 
below which the presence of individuals of a taxon cannot be detected by a given 
sampling regime, analogous to instrumental detection limits in analytical chemistry. As 
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sampling becomes more comprehensive, individuals of increasingly rare taxa are 
encountered, and hypothetically, the relative abundance distribution (RAD) of the 
assemblage approaches a normal distribution, provided sampling occurs in a random 
fashion. Patrick (1967) demonstrated this sampling effect by counting tens of thousands 
of diatom frustules. Although it is assumed that RAD curves should approximate a 
normal distribution (Pachepsky et al. 2001), normal RAD curves are seldom encountered 
in natural communities. Are community dynamics indeed deterministic, or are the 
patterns commonly reported by community ecologists simply an artifact of 
unrepresentative sampling regimes. In this study, the glass slides act as passive, random 
samplers of colonizing diatoms. If community dynamics remain stochastic throughout the 
course of the experiment, the modeled RAD should maintain its initial standard deviation, 
and the maximum of the curve should migrate in a positive fashion relative to the veil 
line. Alternatively, if community dynamics are driven by deterministic mechanisms, the 
positive migration of the RAD maximum would be truncated, and the standard deviation 
would be reduced, producing a left-shifted distribution (Fig. 3).  
Just as assemblage composition can affect small-scale colonization dynamics; it 
can influence community responses to perturbation events. In the third model, I 
investigated whether the response of the littoral epilithic diatom community of Lake 
Matano to a simulated upwelling event demonstrates community collapse, resistance, or 
ecological redundancy. The general model here is a Principal Components ordination 
model, with taxa whose relative abundances increased in the post-upwelling treatment 
clustering to the left along axis 1 and those whose relative abundances increased in the 
control treatment clustering positively along axis 2 (Fig. 4). In a case where the 
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community collapsed after disturbance, all species would align with the positive extreme 
of axis 1. If the community exhibits resistance, taxa should align along a gradient of 
competitive ability from the top left to bottom right of the plot. Contrastingly, if the 
community exhibits ecological redundancy, taxa should exhibit a disjointed distribution 
along an unspecified resource gradient from top right to bottom left on the plot.  
In this dissertation, my goal is to test, through general concordance among these 
models, if there are a set of general tenets that regulate community composition, 
structure, and dynamics in the benthic diatom communities of freshwater lakes.  
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Table 1: Surface water chemistry of Lakes Matano, Mahalona, Towuti, and Lontoa. 
Elemental concentrations are reported in mg · L
-1
. 
 
Lake Na Mg P K Ca Cr Fe Ni 
Matano 0.93 13.87 0.01 0.17 13.09 0.01 0.07 0.004 
Mahalona 1.07 22.68 0.01 0.23 9.42 0.02 0.08 0.010 
Towuti 0.54 17.53 0.01 0.11 3.92 0.003 0.03 0.003 
Lontoa 0.67 21.47 0.01 0.14 4.71 0.004 0.04 0.003 
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FIGURE LEGEND: 
 
1. Map of Sulawesi Island, Indonesia, with detail of the Malili Lakes area. 
 
2. General habitat selectivity model as a proxy for ecological specialization. Number 
of habitat patches occupied is on the X-axis, and the probability of occupation of 
additional habitat patches is on the Y-axis (extrapolated to 25 habitat patches). 
Curves are generated by a simple exponential decay model, where s is a decay 
constant representative of the level of ecological specialization of a group of taxa. 
 
3. Shapes of hypothetical relative abundance curves characteristic of stochastically 
(3a) and deterministically (3b) structured communities during succession. The 
relative abundance of individuals of a given species is shown on the X-axis, and 
the proportion of species within the community is shown on the Y-axis.  
 
4. Hypothetical Principal Components ordination plots for 2 scenarios of community 
response after perturbation events. 4a – Community resistance: Taxa maintain 
their position within the competitive hierarchy under new environmental 
conditions, and align along a gradient of competitive ability. 4b – Ecological 
redundancy: Taxa occupy a patchy distribution along an unspecified resource 
gradient, with similar levels of competitive ability.  
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CHAPTER 2: 
SPATIAL PATTERNS OF PLANKTONIC AND BENTHIC DIATOM 
DISTRIBUTION AND ASSEMBLAGE SIMILARITY IN LAKE MATANO 
(SULAWESI ISLAND, INDONESIA). 
 
Abstract: 
Aside from general taxonomic and floristic surveys, the diatom communities of 
ancient lakes have been given little attention until recently, when several authors 
began to investigate diatom distributions within lakes. In this study, we examine the 
distribution of diatom taxa throughout the littoral and pelagic zones of Lake Matano, 
an ancient, tectonically formed lake located on Central Sulawesi Island, Indonesia. 
Diatom material was collected from 24 sites representing the benthic and planktonic 
communities of the lake. I encountered 191 taxa in the samples, the majority of which 
occurred in the benthic community of littoral zones. The planktonic community was 
impoverished (19 taxa, mainly re-suspended benthic forms), and strongly dissimilar 
to the littoral community. Although distance between sites exerted an influence on 
similarity of assemblages, hierarchical clustering analysis demonstrated that other 
factors such as bedrock type, physical disturbance, and habitat variability were more 
important. Furthermore, dissimilarities between assemblages at various sites were 
driven primarily by differences in the composition and relative abundances of the rare 
species component of the community, consistent with patterns illustrated in other 
ancient lakes such as lakes Baikal and Hovsgol. 
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Introduction: 
 While classically accepted paradigms of diatom dispersal (Cleve 1894, 
1895) suggested that diatoms exhibit cosmopolitan distributional patterns, studies in the 
East Indies have demonstrated that some taxa are more limited in their distribution 
(Vyverman 1991, Moser et al. 1998, Hustedt 1942). In recent surveys of the benthic 
diatom flora of the ancient Malili Lakes (Sulawesi Island, Indonesia), Bramburger et al. 
(2004) demonstrated that geographic proximity did not play a significant role in 
determining the similarity of diatom floras on a lake-to-lake scale, contrary to the 
distance concept of the Theory of Island Biogeography (MacArthur and Wilson 1967). 
Bramburger et al. (2004) further suggested that within-lake processes related to 
speciation and extirpation through competitive exclusion have regulated the development 
and maintenance of the highly endemic diatom communities in these lakes. The nature of 
these processes and the scale upon which they are operating is not fully understood, 
although Edlund & Stoermer. (2000), from paleolimnological studies on Lake Baikal, 
have shown that endemic phytoplankton communities were maintained between each 
glacial epoch.  
Ancient lakes are well documented as global hotspots for biological endemism 
and biological diversity. Although ancient lakes have originated from different geological 
features, graben lake formations in regions protected from glacial events, comprise some 
of the most biologically significant ecological lake systems (Brooks 1950, Herdendorf 
1982). As summarized by Brooks (1950), the diversity of biological life within these 
ancient lakes ranges across a wide range of zoological groups from mammals to 
ostracods. In Indonesia, high levels of endemism have been documented within several 
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taxonomic groups on the Island of Sulawesi (Victor & Fernando 1982, den Bosch 1985, 
White & Bruce 1986, Reudi 1995), and the aquatic biota of the Malili Lakes conform 
well to this trend (Hustedt 1942, Bramburger et al. 2004, 2006, Roy et al. 2004, von 
Rintelen et al. 2004).  
Protoctista (excluding diatoms) have not received much study in ancient lakes 
although they have been well documented as unique biological communities, and until 
recently diatoms have only received general floristic study based on a minimum number 
of collected samples (e.g. Hustedt 1937-1938, 1942, Skvortzow 1937, Skvortzow & 
Meyer 1928). Selected taxa or taxonomic clusters (flocks) such as taxa within the genera 
Denticula, Diploneis, Gomphonema, Placoneis and Surirella have typically been 
highlighted to illustrate the unique endemic nature of prominent ancient lakes, even 
though comprehensive studies on lake biodiversities linked to endemism are still missing 
(Hustedt 1937-39, 1949, Mann 1999, Kociolek & Stoermer 1988, Bramburger et al. 
2006, Edlund 2006). For instance, temporal processes (e.g. climate change, tectonic stress 
events) could be reducing species occurrences and ultimately creating relict distributions 
that form species endemism on regional or global scales. Although the relict distribution 
concept is intriguing, few examples can be cited (Edlund & Jahn 2001). Recent research 
efforts to further define spatial and temporal distributions in prominent ancient lakes have 
provided insight into lakes distributional characteristics of endemic diatom communities, 
including their contribution to lake productivity and the potential impacts of species 
invasions on endemic floras (Cocquyt et al. 1993, Flower et al. 2004, Edlund et al. 2003, 
Zlatko et al. 2006).  
Currently, 267 diatom taxa have been reported in the Malili Lakes, and 140 of 
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these were observed in Lake Matano (Hustedt 1942, Bramburger et al. 2004, 2006). 
The taxonomic richness reported for the Malili Lakes diatoms is, in fact, lower than 
similar systems at the same latitude, and many planktonic diatoms, including the entire 
order Centrales, are essentially absent from this system. To date, however, no studies 
have examined the distribution of diatom taxa within any individual lake in the Malili 
Lakes system.  
In this study, we examine spatial patterns of taxonomic richness, diatom 
community composition, and relative abundance of taxa within the benthic and 
planktonic diatom assemblages of Lake Matano. We also evaluate the influence of 
distance, substrate grain caliber, and primary substrate type on the similarity of diatom 
assemblages from sites within the lake.  
Methods:  
Site description and sampling  
Lake Matano is a 590 m deep, tectonically formed lake located on central 
Sulawesi Island, Indonesia (Van Bemmelin 1970). The lake is the headwater of the Malili 
Lakes system, a chain of five ancient tropical lakes that share a common drainage 
through the Larona River. In this study, diatom material was collected from a total of 24 
sites (Table 1), which represented littoral and pelagic habitats around the lake. The 
littoral area of Lake Matano is dominated by bedrock and sand substrate types, with very 
little visible algal growth present. Benthic diatom material was collected by snorkel at a 
depth of 1 -5 m from 19 sites along the shoreline of Lake Matano (Fig. 1). These sites 
were subdivided into 2 groups. Ten main sites were situated along the shoreline around 
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the entire lake, with 5 sites on the each of the north and south shores. At each of the 10 
main sites, 5 different microhabitat types were sampled (log, rock, macrophyte, sand, and 
fine sediment) and pooled into composite samples by site. Episammic diatom material 
was also collected on a finer spatial scale (3 samples from within a 30 cm x 30 cm 
Eckmann dredge) from fine sediment at nine additional sites located between two of the 
principal sites on the southern shoreline at Sorowako, the largest town on the shoreline of 
the lake.  
Phytoplankton profile samples were collected in the central region of the lake in 
January 2000, August 2004 and October 2005. In 2005, discrete samples were collected 
along two transects (Fig. 1) at a depth of 45 m using a Kemmerer sampler. A sample 
depth of 45 m was selected based on the January 2000 and August 2004 studies which 
determined that the highest stable biomass of algae was found within the 30-60m zone. 
The samples, ranging in volume from 1400-1700 ml, were fixed with acidified Lugol’s 
and concentrated to volumes between 50 and 200 ml for transport back to Canada. In the 
lab, 10ml subsamples were settled for 18 hours in modified settling chambers (Hamilton 
et al. 2002) and counted using a transect protocol (for low cell distributions) with a Leica 
DMR-compound microscope at 200X and 400X magnifications. A minimum of 300 
cells, colonies or filaments containing fixed cytoplasm were enumerated for each count. 
Counting and the subsequent calculations of densities, biomass and carbon content were 
performed with the program ALGAMICA (Gosselain & Hamilton 2000).  
Sample Preparation and diatom enumeration  
Raw benthic material was subjected to hot nitric/sulphuric acid digestion. 
Samples were subsequently rinsed with distilled water and centrifuged for 10 minutes at 
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3000 rpm. Rinsing and centrifugation was repeated five times to remove extraneous acid. 
Clean diatom material was dried onto microscope coverslips and mounted onto slides 
using Naphrax ® mountant for examination under LM. Diatoms were counted under 
brightfield and phase contrast optics on Leica DMR and Diaplan microscopes. 
Enumerations were conducted within random fields of view until the 200
th 
valve of the 
dominant taxon was encountered for the benthic material (total counts between 600 2500 
valves).  
An additional set of subsamples (30-50 ml) for planktonic diatom valve counts 
were concentrated into 7ml by centrifugation, and digested with a nitric/sulfuric acid 
treatment. The digested samples were then washed five times and the complete sample 
applied to 22x22mm square covers and mounted onto pre-cleaned microscope slides with 
Naphrax® mountant. Diatom valve enumerations were conducted using a Leica DMR-
compound microscope following a transect-counting protocol (for low valve 
distributions) at pre-selected positions evenly positioned across the coverslip (minimum 
seven transects, total counts 500-600 valves). Counting and the subsequent calculations 
of densities were aided with the program ALGAMICA. Statistical Methods  
Count data, from cleaned diatom samples, were used to calculate taxonomic 
richness, Shannon’s diversity, and evenness for each of the samples. The relative 
abundance (RA) was also calculated for each taxon in each sample. Hierarchical Cluster 
Analysis was performed on relative abundance data using the Hierarchical Clustering 
function of SYSTAT 8.0 (Single linkage, nearest neighbour joining method) to 
investigate the degree of similarity among assemblages at various sites. Additionally, 
similarity indices (SIMI) (Hoagland et al. 1982) were calculated for all possible 
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pairings of sites by the following equation:  
S  
P P 
bi 
 
ai  
SIMI (b a ) = 
i=1 
 
In this equation, Pai and Pbi are the proportion of the total assemblage represented by the 
i
th 
taxon in assemblages a and b, and S represents the total number of taxa in both 
assemblages. SIMI has a maximum value of 1 when two assemblages are identical and a 
minimum value of 0 when they share no taxa. Linear regression analysis (SPSS 15 for 
Windows) was used to evaluate the relationship between distance and SIMI for littoral 
zone samples from around the lake. One-way ANOVAs with post-hoc Bonferroni tests 
were used to test for differences in Shannon’s diversity and evenness among groups of 
sites.  
Results:  
The majority of littoral substrata in Lake Matano consist of bedrock and sand, and 
diatoms are the dominant taxonomic group on these substrata. In this study, a total of 191 
taxa were identified within the 24 samples from the littoral and pelagic zones of Lake 
Matano. Taxonomic richness within a site ranged from 19 taxa (M10, DN4) to 77 taxa 
(E2) (Table 2). Thirteen taxa account for 1% or more of the overall valve count of the 
study: Psammothidium cf. helvetica (Hustedt) Bukhtiyarova & Round (17.8%), 
Fragilaria cf. capucina var. lanceolata Grunow in VanHeurck (13.1%), Brachysira 
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longirostris (Hustedt) Mann in Round et al. (11.2%), Epithemia miranda Moser, Lange-
Bertalot & Metzeltin (7.7%), Fragilaria lapponica f. lanceolata Hustedt (7.5%), 
Achnanthes wolterecki Hustedt (6.1%), Nitzschia amphibia Grunow (5.0%), Nitzschia cf. 
frustulum (Kützing) Grunow in Cleve & Grunow (4.0%), Planothidium lanceolatum 
(Brébisson) Round & Bukhtiyarova and its varieties (3.1%), Encyonopsis cryptocephala 
(Hustedt) Krammer (2.2%) Cymbella (Encyonema) subalpina Hustedt (1.9%), 
Achnanthidium minutissimum (Kützing) Czarnecki (1.5%), and Nitzschia cf. 
philipinarum Hustedt (1.2%). Within any single sample, five or fewer of the above taxa 
represented more than 10% of the total number of valves counted. The three most 
abundant taxa in the littoral samples were Psammothidium cf. helvetica, Fragilaria cf. 
capucina var. lanceolata, and Epithemia miranda, while Brachysira longirostris was the 
dominant taxon in the plankton samples.  
Shannon’s diversity measures ranged from 0.5946 (DN4) to 3.4220 (E2) and 
evenness ranged from 0.2020 (DN4) to 0.8144 (S1) (Table 2). Both mean Shannon’s 
diversity and mean evenness were significantly lower among the planktonic sites than 
among either group of littoral sites (ANOVA, p < 0.001, n = 24). Among littoral sites, 
mean Shannon’s diversity was slightly greater and evenness was slightly lower at 
Sorowako sediment sites than at the Lake Matano littoral sites, but this difference was not 
significant.  
Hierarchical Cluster Analysis (HCA) was performed to examine similarity among 
the assemblages observed at various sites. HCA identified three main clusters of sites at 
Euclidean distances of less that 0.05 (Fig. 2). The cluster containing sites DS1, DS3, 
DS5, DN2, and DN4 was comprised exclusively of sites in the pelagic zone, and is 
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deeply diverged from all other clusters (Euclidean distance = 0.047). Sites within this 
cluster are more cohesive than those in other clusters, and were linked to their nearest 
neighbour at a mean Euclidean distance of 0.0095. All of these sites were dominated by 
Brachysira longirostris, centric diatoms were absent, and many of the heavier benthic 
forms that were common at other sites did not occur at all in the plankton. The cluster 
with sites E1 – W3 contained samples where only soft sediment was collected, and was 
separated from the remaining group at a Euclidean distance of 0.30. Sites within this 
cluster were joined to their nearest neighbour at a mean Euclidean distance of 0.018. The 
final cluster (sites M1 – M10) represented sites with mixed habitat types from around the 
Lake Matano shoreline. There was more variability in assemblage composition and 
relative abundance between these sites than others, and they were linked to their nearest 
neighbour at a mean Euclidean distance of 0.2025. Sites M2, M8, and M7 exhibited some 
divergence from the main body of this cluster, and were linked to their nearest 
neighbours at Euclidean distances of 0.028, 0.030, and 0.030, respectively. Additionally, 
a one-way ANOVA performed using SIMI values calculated for all possible pairing 
indicated that the diatom assemblages of planktonic samples were significantly more 
similar to each other than to those of any different substrate type (p < 0.001, n=182). 
Diatom assemblages from sites featuring other substrate types (ultrabasic rock, limestone, 
silt) were statistically indistinguishable from one another. Linear regression analysis did 
not detect a significant relationship between distance and site similarity (Fig 3).  
The phytoplankton community is low in both biomass and numbers for Lake 
Matano (Table 3). Based on numbers and biomass, Chlorophyta were the most prominent 
phytoplankters, followed by Cyanoprokaryota and Bacillariophyta. The Pyrrhophyta were 
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typically low in numbers (< 10,000 /L) but due to their large size were significant 
contributors to total biomass (> 60%). Taxa within the Cryptophyta and Chrysophyta 
were absent or extremely rare. In January 2000, the phytoplankton assemblage was 
dominated by the chlorophytes Mougeotia sp., Oedigonium sp., desmids (primarily 
Staurastrum cf. paradoxicum Meyens and Cosmarium sp.); cyanoprokaryotes Snowella 
lacustris (Chodat) Komárek & Hindak, Aphanotheca sp., and a large pyrrhophyte 
Peridinium cf. willei Huitfeld-Kaas. In August 2004, the same general community 
structure was present with the notable addition of Merismopedia sp. In October 2005 the 
phytoplanktic composition was also similar, although lacking populations of Snowella 
lacustris and Merismopedia sp. and with the addition of Crucigenia cf. rectangularis 
(Nägeli) Komárek.  
Discussion:  
Until recently, the diatom assemblages of ancient lakes had received little 
attention beyond general floristic surveys, despite being recognized as unique biological 
communities. Ancient lakes that have been recently studied in detail for diatom 
distributions include: Lake Baikal (Skvortzow 1937; Flower et al. 2004), Lake Hovsgol 
(Edlund et al. 2003); Lake Tanganyika (Cocquyt 1998), Lake Ohrid (Zlatko et al. 2006) 
and Lake Biwa (Watanabe & Houki 1988, and additional references therein). In these 
ancient lake studies, species richness estimates varied from 200 to more than 500 taxa.  
Recent surveys of the diatom communities of the ancient Malili Lakes reported 267 taxa, 
140 of which occurred in Lake Matano, and the majority of these taxa were described as 
rare (Bramburger et al. 2004). In this study, we observed 191 taxa from the pelagic and 
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littoral habitats of Lake Matano, expanding on the 140 taxa reported by Bramburger et al. 
(2004). Previously unobserved taxa occurred only rarely in our samples. This finding 
supports the assertion of Hustedt (1942) that the reported taxonomic richness of Lake 
Matano was likely to increase as investigators encountered increasingly rare forms. 
Diatom communities are generally dominated in relative abundance by only a few taxa. 
Flower et al. (2004) reported that no more than four taxa contributed more than 10% of 
the total valves counted per sample in Lake Baikal. Similarly, in Lake Hovsgol, Edlund et 
al. (2003) reported that nine or fewer taxa accounted for 5% or more of the total 
abundance at any site. In this study, only four taxa contributed more than 10% of the 
overall abundance to any sample, and only three taxa (Psammothidium cf. helvetica, 
Brachysira longirostris, Fragilaria capucina var. lanceolata) contribute more than 10% 
to the overall valve count. In both this study and our other studies (Chapter 3, 4, 6), the 
same taxa were dominant in most samples and there was no discernible spatial pattern to 
the shifts in relative abundance of these taxa. In all of these ancient lakes systems, site-to-
site dissimilarities are driven by differences in the rare species assemblages.  
Mean SIMI was not significantly related to distance. This result is in contrast to 
the distance concept of the Theory of Island Biogeography (MacArthur & Wilson 1961) 
and suggests that factors other than proximity among sites were driving community 
structure. Hierarchical Clustering Analysis revealed three main clusters within the Lake 
Matano diatom flora, and dissimilarities between clusters clearly illustrate the importance 
of habitat diversity in regulating the composition of diatom assemblages. The HCA tree 
showed a strong differentiation between pelagic zone sites and littoral sites, with pelagic 
sites linked to one another at relatively small distances. This finding was verified by an 
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ANOVA which showed that planktonic samples were significantly more similar to one 
another than to littoral zone samples. The high degree of coherence within the cluster of 
planktonic sites is not surprising considering the degree to which the overall abundance 
of planters was dominated by a single species. The coexistence of so few planktonic taxa 
is reflective of the lack of temporal habitat variability (i.e. seasonality) and 
“contemporaneous disequilibrium” as proposed by Hutchinson (1961) to explain the 
Paradox of the Plankton.  
In contrast to the planktonic community, the relatively distant joining of 
neighbours within the littoral samples from around the lake is due to the wider variety of 
geographic situations, bedrock, and microhabitat types represented in this dataset. Sites 
M9 and M10 were joined somewhat distantly to their nearest neighbours but still within 
the main littoral cluster. These sites were situated on limestone bedrock, while all other 
sites in the cluster were situated on ultrabasic rock. This rock type is rich in metals that 
can influence diatom community dynamics. Despite the suggestion by this analysis that 
bedrock influences assemblage composition, a one-way ANOVA was unable to detect a 
differences in assemblage similarity from bedrock types within this dataset, indicating 
that the underlying bedrock of a site does not necessarily determine resident diatom 
assemblage. The most cohesive sub-cluster in the littoral group contained sites M3, M4, 
M5, and M6, all located on the north shore of Lake Matano. Sites M2, M7, and M8, 
which clustered outside the main littoral group, were characterized by high levels of 
physical disturbance created through anthropogenic activity, river inflow, or heavy wind 
and wave action. Variation among these assemblages may have also been influenced by 
the relative frequencies of microhabitat types within those sites. Site M9, for example, is 
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a limestone cliff with very little soft sediment available for collection. The final cluster 
contains sites located near the town of Sorowako, and characterized by a lack of habitat 
diversity, as only soft sediment samples were included in this group. Although nutrient 
loadings are elevated directly in front of the town site, diatom community effects were 
either insufficient, or too localized to be detected by HCA at this spatial scale. Although 
they are considered important reserves of global aquatic biodiversity (Brooks 1950), the 
world’s ancient lakes are increasingly threatened by the effects of accelerated 
anthropogenic activity in their basins (Coulter 1963). Although major mining activities 
have been occurring immediately adjacent to Lake Matano for approximately 30 years, it 
is encouraging to note that the differences observed in the Sorowako sediment dataset 
were related to differences in relative abundances within the indigenous species 
community, and there is no evidence yet for the anthropogenically-facilitated “invasional 
meltdown” hypothesized by several authors (Lodge 1993, Ricciarrdi 2001, Rahel 2002), 
nor is there evidence that mining activities have affected biodiversity of these diatom 
communities in a negative manner (Chapter 6).  
In Lake Matano, planktonic diatom diversity is very low in comparison to 
“individual habitat” littoral diversity. Similar observations have been reported from other 
ancient lakes such as Malawi (Eccles 1974), Tanganyika (Coulter 1963) and Baikal 
(Edlund 2006). In contrast, ancient lakes that have received substantial nutrient additions 
(e.g. Lake Biwa, Watanabe et al. 1990; Lake Ohrid Zlatko et al. 2006) have more diverse 
planktonic communities, which appear to follow disturbance models predicting increased 
diversification after moderate disturbances. Hustedt (1942) and Bramburger et al. (2004) 
reported few planktonic diatoms in Lake Matano, and no centric diatoms. This study 
 46 
confirmed that the vast majority of valves encountered in the Lake Matano plankton were 
Brachysira longirostris, an endemic species. The planktonic diatom floras of Lakes 
Baikal, Biwa, Hovsgol, Ohrid and Tanganyika, on the other hand, are dominated by 
centric forms (Watanani & Houki 1988, Cocquyt 1998, Edlund et al. 2003, Flower et al. 
2004, Zlatko et al. 2006). Centric diatoms were encountered on rarely in this study, but 
abundances were extremely low, and no live centric diatoms were observed. We 
speculate that elevated levels of several metals and a paucity of nutrients in the Lake 
Matano water column (Haffner et al. 2001) may influence the ability of cosmopolitan 
taxa and centric diatoms to successfully colonize the lakes. To date, no centric diatoms 
have been observed in the benthic community of the lake. Viable plankton counts 
indicate that diatoms are present but not a major component of the plankton community 
as reported in Lakes Baikal and Hovsgol (Edlund 2006, Edlund et al. 2003). Brachysira 
longirostris, Achnanthidium minutissimum complex and Surirella woltereckii Hustedt 
were consistently observed with viable cytoplasm in the counts, while other diatom taxa 
were extremely rare and often observed as empty frustules. In addition, the common 
occurrence of the above mentioned taxa in the littoral regions of Lake Matano, illustrates 
the tychoplanktonic nature of the taxa and their widespread spatial distribution across the 
lake. Phytoplankton productivity was consistently low. 
 
Although they have received little attention beyond general floristic and  
taxonomic surveys, the diatom communities of the world’s ancient lakes provide valuable 
insight into the mechanisms that function in the development and maintenance of highly 
unique biological communities. In this study, we examined the spatial patterns of benthic 
and planktonic diatom species distribution in Lake Matano, an ancient lake located on 
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central Sulawesi Island, Indonesia. Our results revealed that although distance between 
sites is related to the similarity of assemblages at those sites, other factors such as 
substrate diversity and disturbance regime are more important. Dominant taxa remained 
relatively consistent from site-to-site, but differences in the rare species assemblages 
were sufficient to produce discernible dissimilarities among sites. Cluster analysis 
illustrated the importance of habitat variability in regulating the composition and relative 
abundance of taxa within episammic, mixed littoral, and planktonic diatom communities, 
and suggest that physical disturbances (e.g. river inflow, wave action, anthropogenic 
inputs) have a substantial influence on the littoral diatom communities of the lake. Our 
data also demonstrated that disturbance effects are highly localized, and we are 
encouraged by the lack of non-indigenous species even at disturbed sites. The paucity of 
centric diatoms in Lake Matano and other lakes in the Malili chain continues to be an 
intriguing paradox, and sets the diatom assemblages of Lake Matano apart from those of 
other ancient lakes. Further work is required to elucidate the mechanisms that keep 
centric diatoms, cosmopolitan forms, and many planktonic taxa from successfully 
colonizing these ecosystems.  
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Table 1. Location and description of Lake Matano sample sites. 
Site 
Number 
Type  Lat. / Long. Site Description 
M1 Matano Littoral Mix S. 02° 31.525,  
E. 121° 22.606 
Turbid water, silt substrate. 
M2 Matano Littoral Mix  S. 02° 32.185, 
E. 121° 24.444 
Clear water, Ultrabasic bedrock 
substrate. 
M3 Matano Littoral Mix S. 02° 29.926,  
E. 121° 26.051 
Ultrabasic bedrock substrate, 
fallen trees, methane bubbles. 
M4 Matano Littoral Mix S. 02° 28.518,  
E. 121° 24.542 
Ultrabasic bedrock substrate, 
some fallen trees. 
M5 Matano Littoral Mix S. 02° 27.335,  
E. 121° 20.803 
Ultrabasic bedrock and sand 
substrate, some methane 
bubbles.  
M6 Matano Littoral Mix S. 02° 25.652, 
E. 121° 17 597 
Sand, beach, ultrabasic bedrock. 
M7 Matano Littoral Mix S. 02° 25.950, 
E. 121° 14.650 
Ultrabasic rock face, some fallen 
trees. 
M8 Matano Littoral Mix S. 02° 28.653, 
E. 121° 14.691 
Sand and ultrabasic rock beach, 
turbid water. 
M9 Matano Littoral Mix S. 02° 29.050, 
E 121° 18.100 
Steep limestone cliff face, some 
fallen trees. 
M10 Matano Littoral Mix S. 02° 29.986, Sand beach and limestone cliff, 
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E. 121° 19.079 some methane bubbles. 
E1 Sorowako Littoral 
Sediment 
S. 02° 31.56, 
E. 121° 22.92’ 
Ultrabasic bedrock, side of point, 
turbid water. 
E2 Sorowako Littoral 
Sediment 
S 02° 31.44,  
E 121° 22.56 
Embayment, sand beach, 
ultrabasic bedrock. 
E3 Sorowako Littoral 
Sediment 
S 02° 31.44, 
E 121° 22.20 
Public sand beach and dock, 
ultrabasic bedrock. 
S1 Sorowako Littoral 
Sediment 
S 02° 31.38, 
E 121° 21.90 
Ultrabasic bedrock, embayment 
at eastern end of Sorowako. 
S2 Sorowako Littoral 
Sediment 
S 02° 31.20, 
E 121° 21.54 
Soft sediment and ultrabasic 
bedrock, central Sorowako. 
S3 Sorowako Littoral 
Sediment 
S 02° 31.08, 
E 121° 21.24 
Western end of Sorowako, 
ultrabasic bedrock, soft 
sediment. 
W1 Sorowako Littoral 
Sediment 
S 02° 31.50, 
E 121° 20.88 
Small beach near golf course, 
sediment and ultrabasic rock. 
W2 Sorowako Littoral 
Sediment 
S 02° 30.66, 
E 121° 20.40 
Steep shoreline just east of yacht 
club, sand and ultrabasic rock. 
W3 Sorowako Littoral 
Sediment 
S 02° 30.42 
E 121° 20.10 
Public swimming beach at 
Salonsa, sand and ultrabasic 
rock. 
DS1 Plankton S 02° 27.00 
E 121° 14.55 
Open water, 45 m depth.  
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DS3 Plankton S 02° 28.50 
E 121°19.35 
Open water, 45 m depth. 
DS5 Plankton  S 02° 30.60 
E 121° 25.00 
Open water, 45 m depth. 
DN2 Plankton S 02° 27.15 
E 121° 19.20 
Open water, 45 m depth. 
DN4 Plankton S 02° 28.35 
E 121° 18.90 
Open water, 45 m depth. 
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Table 2: Species Richness, Shannon’s Diversity, and Evenness for Lake Matano diatom 
samples. 
Site Species Richness Shannon’s Diversity Evenness 
M1 29 2.19419 0.651618 
M2 39 2.578961 0.703949 
M3 41 2.687788 0.723774 
M4 42 2.704376 0.723546 
M5 34 2.472515 0.701152 
M6 32 2.349227 0.677844 
M7 29 2.304346 0.684331 
M8 29 2.528685 0.750954 
M9 26 2.00603 0.615706 
M10 19 1.114192 0.378406 
E1 56 2.563665 0.63688 
E2 77 3.422286 0.787854 
E3 49 2.640069 0.678364 
S1 36 2.91848 0.814417 
S2 25 1.322856 0.410968 
S3 35 1.937707 0.545012 
W1 44 2.184698 0.577323 
W2 49 2.404301 0.617783 
W3 42 2.162365 0.578533 
DS1 27 1.097771 0.333078 
DS3 31 0.969821 0.282418 
DS5 28 1.667554 0.500436 
DN2 17 1.479076 0.522049 
DN4 19 0.594642 0.201954 
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Table 3. Living phytoplankton across Lake Matano on October 11, 2005 at 45m depth. N 
= 6. 
Division      Density (#/L) 
(# = natural living units) 
  Biomass (µg/L) 
   Mean      SD   Mean      SD 
Bacillariophyta   2734     1124    1.20      0.57 
Cyanoprokaryota   6332     2288    1.13      0.43 
Chlorophyta  21744     5432   14.88     5.32 
Chrysophyta      0    0 
Cryptophyta  (?)314  (?)0.13 
Pyrrhophyta   1612      873   85.16    34.94 
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Figure Legend: 
Figure 1: Map of Southeast Asia. Arrow points to Malili Lakes region, Sulawesi Island. 
Inset: Lake Matano showing locations of littoral and plankton sampling sites (See Table 
1). 
 
Figure 2: Hierarchical Clustering tree of Lake Matano diatom sample sites. The cluster 
containing sites M1 – M10 represents littoral zone, multi-habitat samples from around the 
lake, the cluster containing sites E1 – W3 represents soft substrate samples from around 
Sorowako, and the cluster containing sites DS1 – DN4 represents samples taken from the 
pelagic zone in the center of the lake. 
 
Figure 3: Distance vs. SIMI value. Distance is in km along the shoreline.  
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CHAPTER 3:   
ADAPT OR ADOPT: MECHANISMS THAT REGULATE THE COMPOSITION AND 
STRUCTURE OF BENTHIC DIATOM ASSEMBLAGES IN FRESHWATER LAKES. 
 
Abstract: 
 
The mechanisms that regulate the composition and structure of biological 
communities remain poorly understood. Here I present a novel model that uses 
distributional data to predict ecological specialization for groups of taxa, and employ this 
model to investigate relationships among ecological specialization, latitude, taxonomic 
richness, and species abundance using data from published freshwater diatom floras and 
with collected data from Lake Matano, Sulawesi, Indonesia, and Mazinaw Lake, central 
Ontario, Canada. I demonstrated a strong relationship between latitude and ecological 
specialization at the assemblage level, with tropical assemblages exhibiting higher levels 
of specialization than those from lower latitudes. Furthermore, more specialized genera 
exhibited higher levels of taxonomic richness and lower species abundance on a global 
scale. When Lakes Matano and Mazinaw were compared directly, Matano contained 184 
taxa representing 27 genera, and exhibited an assemblage-level ecological specialization 
(s) value of 0.19. Mazinaw Lake, the temperate analogue had 88 taxa representing 24 
genera and an s value of 0.16. At the within-lake scale, genera with fewer than four taxa, 
typically exhibited either very high or very low species abundances, while genera with 
higher taxonomic richness had lower species abundances consistent with the predictions 
of resource partitioning models. These results indicated a threshold of ecological 
specialization which delineates the boundary between genera exhibiting resource 
partitioning and those showing evidence of competition at the within-lake scale. 
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Introduction:  
 In his classic paper, “The Paradox of the Plankton,” Hutchinson (1961) 
questioned why so many taxa of phytoplankton were able to coexist, given their 
seemingly high degree of niche overlap and the homogeneous nature of their habitat. As a 
solution to the paradox, Hutchinson proposed that the aquatic habitat matrix is not as 
homogeneous as it appears, and that the coexistence of multiple species is a function of 
stochastic processes such as founder effects and local extinction in a temporally and 
spatially patchy environment. Essentially, Hutchinson’s explanation invokes similar 
processes to those underpinning the disturbance-diversity and productivity-disturbance 
hypotheses proposed by many investigators to explain latitudinal patterns of biodiversity 
(Wallace 1878, Sanders 1968). These stochastic paradigms of community composition, 
however, often assume that fundamental niche breadth remains constant across taxa, but 
in reality this is not observed. Levins (1968) postulated that there is an evolutionary 
tradeoff between being highly proficient at a few activities (specialist taxa) and being 
merely adequate at many (generalist taxa) and that the proportion of species employing 
these contrasting strategies varies with ambient conditions. Recently, Devictor et al. 
(2008) argued that species’ fundamental niches have seldom been measured, and perhaps 
a more realistic representation of niche breadth would influence our understanding of 
community dynamics under various conditions.  
Research in response to recent concerns about global loss of biodiversity has 
revealed an unsettling pattern of species’ risk of extinction in the face of biotic 
homogenization. Mounting empirical evidence suggests a disproportional global decline 
of specialist taxa in various taxonomic groups (Fischer & Stöcklin 1997, Warren et al. 
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2001, Munday 2004, Julliard et al. 2004) correlated with increasing homogenization of 
environmental variables (Jonsen & Fahrig 1997, Devictor et al 2008). These findings 
stand in contrast to early assertions by Wallace (1878) and Sanders (1968) that 
temporally stable habitats beget high levels of species diversity through ecological 
specialization and niche differentiation during periods of stasis.  
Quantification of niche breadth is not a novel idea in the field of community 
ecology. Hutchinson (1957) defined niche as a “multidimensional hypervolume” that 
represents the intersection of the range of all of the various tolerances and requirements 
of a given taxon. Measurement of all of these variables is an impossible task and 
understandably, most ecologists are forced to use measures of a limited suite of limiting 
or critical resource gradients as proxies for niche breadth (Austin et al. 1990, Devictor et 
al. 2008). Comparisons between taxa are frequently conducted along single resource 
gradients, and often fail to represent subtle ecological differences among taxa.  
A growing number of investigators have acknowledged the potential 
shortcomings of using resource gradient tolerances to estimate niche breadth, and many 
emerging studies have used optima and tolerances of habitat use as a proxy for ecological 
specialization. Austin et al. (1990) asserted that the degree of a species’ specialization for 
any resource could be described as the shape and position of a species’ relative 
abundance response to the resource gradient. When the habitat is considered as an 
umbrella “resource,” a species whose relative abundance varies little across the habitat 
matrix is considered to be a generalist. Conversely, a species exhibiting peaks of relative 
abundance in correlation with specific habitats is considered a habitat specialist (Austin et 
al. 1990, Devictor et al. 2008). Julliard et al. (2006) took a more simplistic approach, and 
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demonstrated a similar pattern using presence/absence data. While these studies have 
demonstrated that niche breadth is not constant across taxa, they have not described a 
mechanism that drives differentiation in niche breadth, or examine relationships among 
niche breadth, species diversity, and relative abundance.  
In this study, I introduce a novel model that uses distributional data from diatom 
(Bacillariophyceae) assemblages to estimate ecological specialization. Unlike many 
previous studies that used bird community data to estimate specialization, this model was 
developed using data from benthic diatom communities. Phytoplankton in general, and 
diatoms in particular, lend themselves well to this type of estimation. In contrast to birds 
and animals, diatoms are incapable of any meaningful locomotion or behaviour that could 
confound distributional patterns. In addition, for an alga, the entire suite of essential 
resources is intrinsically included in the habitat matrix. These characteristics make 
benthic diatom communities an ideal system in which to evaluate this model’s ability to 
predict community patterns. Alternatively to the approaches of Julliard et al. (2006) and 
Devictor et al. (2008) who estimated specialization for individual species, this model 
estimates specialization for groups of taxa. This approach facilitates general comparisons 
of ecological characteristics at the genus and assemblage levels of organization. I then 
evaluate the hypothesis that latitude is a good predictor of ecological specialization at the 
lake system scale. Finally, I examine relationships among specialization, taxonomic 
richness, and relative abundance of taxa at the within-lake scale.  
The mechanism by which I anticipate latitudinal effects are exerted upon 
ecological specialization blends components of two major hypotheses originally proposed 
to explain latitudinal patterns of species richness. Under the Time-Stability hypothesis, 
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first proposed by Wallace (1878) and formalized by Sanders (1968), species diversity 
was much higher in the tropics due to longer bouts of adaptive radiation during extended 
periods of stasis between significant disturbance events. Wallace (1890) also proposed 
that habitats in tropical regions exhibited higher degrees of structural complexity than 
those at higher latitudes, and intuitively should support higher species richness. 
Mechanistically, Simpson (1964) and MacArthur (1972) postulated that more complex 
habitats presented a broadened resource gradient capable of supporting more species. By 
combining these two concepts, we see a tradeoff between spatial and temporal habitat 
heterogeneity as we move from the tropics to the poles. At low latitudes, there is a wider 
resource gradient, and ecological opportunities are better constrained and more 
temporally stable. At higher latitudes, resources gradients are often restricted and 
ecological opportunities vary widely through time. As such, I predict that the diatom 
floras of systems at low latitudes will be characterized by a higher degree of ecological 
specialization than their high latitude counterparts.  
Methods  
Model Construction:  
The ecological specialization model I present here uses distributional data to 
estimate the likelihood that a hypothetical taxon from a group of taxa will be encountered 
upon examination of additional habitat patches or samples given the proportion of the 
overall group of taxa that have been encountered exclusively upon previously examined 
habitat patches or samples. By definition, if a taxon is encountered within a system, the 
probability that it will occupy at least one habitat patch is 1.0. The probability that a  
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taxon will occupy at least x patches given occupation in (x –1) patches is calculated as by 
the following formula:  
t
x
x
xx
n
n
p
1
1
1, 1  
 
Where px,x-1 is the probability of occupation of x habitat patches given occupation of (x-1) 
patches, nx is the number of taxa limited to x habitat patches, and nt is the total number of 
species within the system. A curve can then be fitted to the resulting probability 
distribution through the use of a simple exponential decay model as follows (Fig. 1b):  
p = 1• e
− sx 
 
x  
In this formula, s is a coefficient representative of the overall ecological specialization of 
taxa within the experimental system, and a proxy for niche breadth across the group of 
taxa. A large s value is characteristic of groups comprised of more specialized taxa that 
are highly adapted to their habitat, while smaller s values denote groups comprised of 
taxa that are primarily generalists and observed across the habitat matrix (Fig. 2). By 
estimating s, we create a simple, group-specific metric of ecological specialization that 
can be used to compare specialization among systems, evaluate the influence of various 
environmental factors on specialization, and examine relationships between 
specialization, taxonomic richness and abundance.  
Model Application:  
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Ecological specialization coefficient (s) was estimated by the Exponential Curve 
fitting tool in SPSS 15 for Windows (SPSS Science 2006) using presence/absence data 
from several published diatom floras and publicly available limnological / 
paleolimnological calibration datasets (see Table 1 for literature sources), as well as for 
collections from the Malili Lakes (Sulawesi Island, Indonesia). Genus-level s values were 
also estimated at the lake-system scale for a subset of 5 floras from these systems 
published within the same 10 year period in the Bibliotheca Diatomologica series. These 
floras were chosen for their taxonomic rigor and concurrency to ensure consistency in 
genus designations. I additionally estimated genus level s at the within-lake scale for 
collections from Lake Matano, a 600 m deep graben lake located on central Sulawesi 
Island, Indonesia and Mazinaw Lake, a 140 m deep, fault-controlled, glacially-deepened 
(Eyles et al. 2002) lake located in central Ontario, Canada. These lakes were chosen 
based on their similar basin morphology – steep sides and narrow littoral zones. 
Individual benthic diatom samples were taken from distinct microhabitat substrata (rock, 
woody debris, sand, soft sediment, macrophyte) within ca. 5 m diameter sites located in 
the littoral areas.  
Linear regression analysis was performed using SPSS 15 for Windows (SPSS 
Science 2006) to evaluate differences in s among lake systems across a latitudinal 
gradient, and also to evaluate the relationship between generic s and taxonomic richness 
of genera at the lake-system scale. At the within-lake scale, linear regression was used to 
examine the relationship between generic s and generic taxonomic richness. In order to 
examine the relationship between taxonomic richness and mean abundance of individuals 
within genera, I constructed a null model describing the hypothetical relationship 
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between richness and abundance under conditions of perfect resource partitioning. I used 
chi-square tests to evaluate whether the real data was deflected from the null model.  
 
RESULTS: 
Ecological specialization (s) values were estimated at the assemblage level for 
12 published floras and publicly available calibration sets ranging in latitude from 2.58 
(Malili Lakes, Sulawesi Island, Indonesia) to 67.30 (Kola Peninsula Lakes, Russia) 
(Table 1). Ecological specialization coefficient (s) values ranged from 0.060 for alpine 
lakes located in northern British Columbia, Canada to 0.699 for water bodies located on 
Viti Levu, Fiji (the only system in the study that included both freshwater and marine 
sites). Among freshwater-only systems, the highest value for s was reported from the 
Malili Lakes, Sulawesi Island, Indonesia (0.32).  
Linear regression analysis demonstrated a significant negative relationship 
between absolute latitude and s (p = 0.039, R
2 
= 0.36) when all twelve datasets were 
included in the analysis (Fig. 3). The Viti Levu dataset was identified as an outlier 
(Grubb’s test, p < 0.05, Z = 2.74, n = 12), and when analysis was limited to freshwater 
floras by excluding the Viti Levu dataset, the relationship became more significant (p = 
0.002) and R
2 
increased to 0.67. Kernel regression analysis was also employed to explore 
the non-parametric relationship between latitude and s. Although kernel regression 
provided a better fit for the data, s generally decreased with increasing latitude (y = (3.0 x 
10
-6
)x
3
 +0.0004x
2 
 + 0.0063x +0.291, R
2
 = 0.99). At the assemblage level, there a highly 
significant relationship between s and species richness (linear regression, p < 0.001, R
2 
= 
0.69; Fig. 4), and when the same relationship was examined at the genus level for each of 
five selected published floras, all five returned significant results (Adak Island -p = 0.007, 
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R
2 
= 0.73; East African Lakes – p = 0.006, R
2 
= 0.43; Papua New Guinea – p = 0.013, R
2 
= 
0.48; Uinta Mountain Lakes – p < 0.001, R
2 
= 0.94; Viti Levu – p < 0.001, R
2 
= 0.78; Fig. 
5a – 5e).  Cubic spline regression was also explored as an option for better describing the 
non-linear relationship between s and richness for these systems. This regression return 
non-significant results for Papua New Guinea, Adak Island, and East Africa (PNG: p = 
0.646, R
2
 = 0.581, AI: p = 0.728, R
2 
= 0.317, EA: p = 0.573, R
2 
= 0.160) and significant 
results for Uinta Mountain Lakes and Viti Levu (UML: p = 0.012, R
2
 = 0.891, VL: p = 
0.005, R
2 
= 0.564). 
At the within-lake scale, I examined material from 25 microhabitat samples from 
Lake Matano and 20 samples from Mazinaw Lake. The benthic diatom flora Lake 
Matano consisted of 184 taxa from 27 genera and had an overall s value of 0.188. 
Taxonomic richness values ranged from one (Cyclotella, Diadesmis, Diatoma, Diploneis, 
Hantzschia, Rhopalodia, and Sellaphora) to 42 (Navicula sensu lato). Generic s ranged 
from 0.066 (Brachysira) to 0.392 (Caloneis). For genera represented by a single taxon, px 
remained constant across the probability distribution, and the curve estimation function of 
SPSS 15 was unable to fit a curve to the dataset. Under these conditions, the model 
dictates that generic s is 0 and these genera were excluded from subsequent analyses. 
Samples examined from Mazinaw Lake contained a total of 88 taxa representing 24 
genera and had an overall s value of 0.163. Fifteen of these genera were represented by 
single taxa, and the highest taxonomic richness was again observed in Navicula sensu 
lato (22 taxa).  
Ecological specialization (s) values for genera in Mazinaw Lake ranged from 
0.103 (Eunotia) to 0.297 (Neidium). Again genera represented by a single taxon were 
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characterized by s values of 0. In both Lake Matano and Mazinaw Lake, linear regression 
revealed a significant relationship between s and taxonomic richness at the genus level 
(Matano – p = 0.002, R
2 
= 0.34; Mazinaw – p < 0.001, R
2 
= 0.90, Fig 6a, b). Chi-square 
analysis demonstrated that neither lake’s assemblage exhibited a richness vs. abundance 
relationship chatacteristic of resource partitioning across all genera (Matano: X
2
 = 44.78, 
df = 5, p < 0.001, Mazinaw: X
2
 = 53.79, df = 5, p < 0.001). When the analysis is 
segmented to evaluate differences in patterns between genera with less than or more than 
5 taxa, Lake Matano’s assemblage exhibits evidence of resource partitioning in genera 
with more than 5 taxa, and no evidence of partitioning in less taxonomically rich genera 
(Greater than 5 Taxa: X
2
 = 0.36, df = 2, p > 0.05, Less than 5 Taxa: X
2
 = 44.42, df = 2, p 
<0.001). Mazinaw Lake showed no evidence of partitioning in either group, although the 
chi-square analysis result was slightly less significant in genera with more than 5 taxa 
(Greater than 5 Taxa: X
2
 = 10.90, df = 2, p < 0.01, Less than 5 Taxa: X
2
 = 42.86, df = 2, p 
<0.001).   
 
DISCUSSION 
In this study, I tested the hypothesis that latitude is a suitable predictor of 
ecological specialization. My results validate Levins’ (1968) postulation that there is a 
tradeoff between ecological specialization and generalization and clearly demonstrate 
that diatoms are not simply r-strategists, and exhibit a wide range of life strategies 
commonly associated with k-strategists. Furthermore, the degree of ecological 
specialization exhibited by diatoms decreases as one moves from the equator towards the 
poles, suggesting that latitude is an excellent predictor of niche breadth. These findings 
also lend support to the assertions of Wallace (1878) and Sanders (1968) that periods of 
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climatic stasis in the tropics favour specialist taxa, as well as Wallace (1890), Simpson 
(1964) and MacArthur’s (1972) postulations that spatial heterogeneity favours ecological 
specialists. However, it is difficult to assess the relative importance of spatial and 
temporal variability in the development of specialization.  
Although R
2 
support for this relationship seems low at first glance (0.36), it is 
important to consider that in this case latitude alone is accounting for 36% of the 
variability in habitat specialization of diatom floras from around the world. A suite of 
other factors including the number and surface area of water bodies in a system, land use 
patterns and anthropogenic disturbance regimes, and even sampling and taxonomic 
protocols will add noise to the system. The exceptionally high s value reported for the 
flora of Viti Levu compared to other floras from similar latitude, coupled with dramatic 
increase in R
2 
support upon the exclusion of this flora from the regression analysis is a 
striking demonstration of the influence of increased spatial habitat heterogeneity (here in 
the form of salinity) on habitat specialization at the assemblage level.  
In order for ecological specialization to influence global patterns of biodiversity 
as proposed by Wallace (1878), there must be a demonstrable relationship between niche 
breadth and taxonomic richness. In this study, linear regression analysis indicated a 
strong positive relationship between ecological specialization and taxonomic richness at 
the assemblage level. This result is consistent with classical notions of limiting similarity 
(Lack 1947) and ecological specialization as the “ghost of competition past,” and 
supports the assertion of Bramburger et al. (2006) that subtle adaptations serve to limit 
the ecological redundancy of diatom species in sympatry. To control for any confounding 
effects of latitude on taxonomic richness, I conducted the same analysis at the genus level 
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0in each of five published floras. The results in this case were even more pronounced, 
and showed that genera exhibiting higher levels of ecological specialization were 
typically more species-rich than their less specialized counterparts. Although non-
parametric techniques often yielded a tighter fit for these relationships, the overall 
findings were very similar to those revealed by linear analysis. Additionally, in three 
cases here (Papua New Guinea,  Adak Iskand, Uinta Mountains lakes), Grubb’s test 
identified the genus wit hthe highert taxonomic richness as a statistical outlier. I elected 
to retain these genera in the analysis, however, as each one is a real genus and should be 
weighted the same as other genera within the analysis for each system. A year before 
Lack (1947) demonstrated limits to the ecological similarity of coexisting species, Elton 
(1946) proposed a similar concept of limiting similarity, but hypothesized that the effects 
of interspecific competition on taxonomic richness should be most readily observed 
between sister species within genera. My results suggest that while Elton’s (1946) 
assertion is valid in a broad sense, the overall ecological specialization of taxa within the 
genus plays an important role in the degree of taxonomic impoverishment observed. The 
slope of the relationship between generic specialization and richness varied from system 
to system, the mechanisms that cause this variation are not well understood at this time,  
While such patterns are observed on a global scale, a more appropriate and 
biologically meaningful approach would be to consider community patterns at within-
lake scales. In 25 samples from various substrata within sites in Lake Matano’s Littoral 
zone, I encountered 184 taxa. This is a substantial increase in taxonomic richness 
compared to the 140 taxa reported by Hustedt (1942) and very similar to numbers 
reported in other studies in this dissertation. A slightly smaller sample set (n = 20) from 
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Mazinaw Lake exhibited less than half of the taxonomic richness (88) observed in its 
tropical analogue, Lake Matano, but exhibited only a slightly lower level of ecological 
specialization (s = 0.163 as opposed to s = 0.188 for Matano). This difference is 
somewhat smaller than predicted based on latitudinal gradient, and it is likely that 
Matano’s s may have been underestimated as an artifact of having a larger number of 
samples included in the model. For example, a single species that is present on every 
habitat patch would be encountered in 25 samples from Matano, versus 20 in Mazinaw. 
As such, the right-hand tail of the probability distribution can become exaggerated by a 
single ubiquitous taxon as more samples are enumerated from a system.  
Although similar generic richness was reported from both lakes, genera in 
Mazinaw Lake were generally represented by fewer taxa than their counterparts in Lake 
Matano (3.67 species ∙ genus-1 in Mazinaw compared to 6.81 species ∙ genus-1 in 
Matano). This depression in taxonomic richness within genera is a reflection of a more 
homogeneous resource gradient, as proposed by Elton (1946). Both systems 
demonstrated a significant positive relationship between s and taxonomic richness within 
genera, and although not significant, exhibited a negative trend in mean abundance within 
genera across a gradient of species richness. These findings suggest that  a species may 
either adapt to conditions on a habitat patch (adapters) or flood the habitat matrix with 
propagules in order to colonize a new patch (adopters – see also Hutchinson’s (1951) 
definition of fugitive species). Despite the widely accepted notion that algae are 
characteristically r-strategists (i.e. Furnas 1990, Weinberger & Hole 1998), these data 
show that diatoms display a range of ecological strategies depending on the prevailing 
extrinsic conditions of their habitat. Interestingly, genera characterized in this study as 
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“adopters,” including Achnanthes, Fragilaria, and Epithemia, are typically considered to 
be weedy “nuisance” species (Reynolds 1984, Pan & Rao 1997, Saros et al. 2005) and 
include species shown to be early successional, high abundance forms in Chapter 4 and 6 
of this dissertation. Those characterized as “adapters” include the genus Surirella, whose 
taxa were shown by Bramburger et al. (2006) to show a high degree of morphological 
specialization, and also Navicula and Cymbella, identified as late successional forms in 
Chapter 4.  
The lack of a strong statistical relationship between taxonomic richness and mean 
abundance at the genus level is not surprising. Abundance and density of algae can be 
influenced by any number of factors including cell size (Passy 2008), pollution 
(Cunningham et al. 2003, Duong et al. 2007), grazing (De Troch et al. 2005), and 
reproductive rates (Brand et al. 1983). A perfect relationship between these two richness 
and abundance is only possible given the unrealistic assumption that population dynamics 
are consistent among taxa and would imply that resources are partitioned 100% of the 
time with no interspecific effects. Interestingly, in both Matano and Mazinaw, genera 
with more than 5 taxa appear to cluster closer to the regression line than those with fewer 
taxa. These species-rich genera represent the “adapters” in the ecological specialization 
model, and are more likely to be partitioning resources than their generalist counterparts. 
The species-poor, “adopter” genera, on the other hand tended to cluster into 2 groups 
supported by a significant Chi-square test result, exhibiting either very high or very low 
abundance compared to the linear regression line. This bifurcation is representative of the 
fact that generalist taxa are not likely to partition resources, and are consequently either 
successful or unsuccessful in their competitive interactions. These results suggest that 
 72 
there is a threshold of specificity above which taxa tend to partition resources and below 
which, taxa tend to compete. This phenomenon is much more strongly pronounced in 
tropical systems like Matano than in temperate analogues such as Mazinaw.  
In conclusion, this study has demonstrated that niche breadth, even in relatively 
simple organisms, is highly variable, and that there are tradeoffs between ecological 
specialization and generalization. Specifically, the cost of ecological specialization is a 
reduction in relative abundance and propagule density across the habitat matrix. 
Conversely, the cost of ecological generalization is a reduction of competitive advantages 
in the late successional stages of temporally stable environments. The evidence of this 
tradeoff was observed both on a coarse scale in assemblages across a latitudinal gradient 
and at a fine scale among genera within a single system. The realization that this tradeoff 
exists bears broad implications for ecology, conservation biology, environmental 
monitoring, and paleoecology. In paleolimnological studies for instance, it is common 
practice to exclude all rare taxa from the analysis (Lamb et al. 2005) or compile them 
into large groups (i.e. Patterson 1990), while this study has shown that not only is it the 
nature of some genera to be characterized by the rarity of their taxa, but also that it is 
frequently the suite of rare taxa that would be expected to respond to the environment in 
an adaptive, deterministic fashion. In a more general sense, the manner in which 
ecologists quantify niche is an avenue worthy of further exploration. While the 
Hutchinsonian notion of the functional niche as the intersection of a multiple ranges of 
resource tolerances still enjoys broad acceptance, it implies that every taxon is a 
specialist. Although the model presented here does not quantify niche breadth for 
individual taxa, the generalized niche breadth predictions it produces provide an excellent 
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contextual starting point for evaluation of hypotheses regarding the effects of various 
stressors on niche breadth, and the influence of niche breadth on various parameters of 
community structure and dynamics.  
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Table 1: Absolute latitude, ecological specialization (s), and data source for published 
floras and publicly available calibration datasets.  
 
System Absolute Latitude  
(º From Equator) 
s  Data Source 
Kola Peninsula, 
Russia 
67.30 0.14 EDDI Calibration 
Sets 
Sikhote-Alin 
Reserve, Russia 
44.76 0.108 Medvedeva 1994 
Adak Island, USA 51.5 0.132 Hein 1990 
B.C. Mountain 
Lakes, Canada 
54.0 0.06 Soil & Water 
Conservation 
Society of Metro 
Halifax 
Uinta Mountain 
Lakes, USA 
40.8 0.081 Bateman & 
Rushforth 1984 
Niger River Delta 
Lakes, Niger 
5.42 0.312 Ziller & Amilli 
1998 
Viti Levu, Fiji 17.45 0.699 Foged 1987 
Costa Rican Lakes 10.12 0.297 Haberyan et al. 
1997 
Malili Lakes, 
Indonesia 
2.58 0.320 Collected Material 
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East African Lakes 16.50 0.136 Gasse 1986 
Spanish Pyrenees 40.00 0.151 EDDI Calibration 
Sets 
Swiss Mountain 
Lakes 
46.5 0.131 EDDI Calibration 
Sets 
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Table 2: Summary Data for Lake Matano Benthic Diatom Assemblage.  
Taxon Total 
Abundance 
(Valves) 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Achnanthes arcus 6 0.181818 0.635145 0 3 
Achnanthes cf lata 156 4.727273 20.55978 0 116 
Achnanthes cf 
pseudoswazi 
80 2.424242 13.92621 0 80 
Achnanthes cf. 
subatomioides 
14 0.424242 1.000947 0 4 
Achnanthes helvetica 5250 159.0909 354.1971 0 1610 
Achnanthes kyrophila 55 1.666667 5.871896 0 33 
Achnanthes lagophila ?  3 0.090909 0.522233 0 3 
Achnanthes lanceolata 965 29.24242 112.041 0 648 
Achnanthes 
minutissima 
2021 61.24242 58.29131 4 232 
Achnanthes 
minutissima (long) 
154 4.666667 14.38025 0 77 
Achnanthes 
minutissima var. 1 (A. 
pusilla-like) 
10 0.30303 1.740777 0 10 
Achnanthes 
pseudolinearis 
2 0.060606 0.348155 0 2 
Achnanthes woltereckii 1519 46.0303 122.8171 0 676 
Amphora cf towutensis 45 1.363636 4.935953 0 28 
Amphora sp. 1 (file 
Matdia44) 
1 0.030303 0.174078 0 1 
Aulacoseira sp1. 1 0.030303 0.174078 0 1 
Brachysira longirostris 3147 95.36364 157.9533 0 475 
Brachysira 
microcephala 
4 0.121212 0.545297 0 3 
Brachysira serians 3 0.090909 0.291937 0 1 
Caloneis cf clevei 2 0.060606 0.348155 0 2 
Caloneis cf malayensis 4 0.121212 0.415149 0 2 
Caloneis cf silicula v 
minutissima 
2 0.060606 0.348155 0 2 
Cocconeis placentula 702 21.27273 28.17276 0 122 
Cocconeis placentula 
klinoraphis 
2 0.060606 0.348155 0 2 
Cyclotella cf. 
meneghinniana (file 
Matdia_1) 
1 0.030303 0.174078 0 1 
Cymbella bicapitata 2 0.060606 0.242306 0 1 
Cymbella cesati f. 
undulata 
197 5.969697 12.26398 0 68 
Cymbella cf. cistula 5 0.151515 0.618527 0 3 
Cymbella cf. spicula 2 0.060606 0.348155 0 2 
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Cymbella 
cryptocephala 
622 18.84848 35.40226 0 178 
Cymbella gracillima 18 0.545455 1.985745 0 11 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Cymbella malayensis 53 1.60 8.03 0 46 
Cymbella malayensis v. 
rostrata 
1 0.03 0.17 0 1 
Cymbella 
pseudodelicatula 
67 2.03 6.36 0 31 
Cymbella ruttneri 9 0.27 0.91 0 4 
Cymbella silesiaca 5 0.15 0.61 0 3 
Cymbella sp. 1 4 0.12 0.69 0 4 
Cymbella sp. 2 (file 
Matdia??) 
4 0.12 0.69 0 4 
Cymbella sp. 8 (file 
Matdia_33) 
4 0.12 0.69 0 4 
Cymbella sp. 9 (file 
Matdia_17) 
1 0.03 0.17 0 1 
Cymbella subalpina 802 24.30 51.2 0 300 
Cymbella subturgida 35 1.06 4.89 0 28 
Cymbella sumatrana 1 0.03 0.17  0 1 
Cymbella tenuissima 29 0.87 4.69 0 27 
Cymbella woltereckii 155 4.69 19.22 0 110 
Denticula linearis 9 0.27 1.09 0 5 
Denticula parva 144 4.36 10.71 0 56 
Diadesmus mutica var. 
(file Matdia??) 
1 0.03 0.17 0 1 
Diatoma tenue 10 0.30 1.42 0 8 
Diploneis elliptica 11 0.33 0.88 0 4 
Epithemia argus 2357 71.42 193.61 0 1056 
Epithemia cistula  83 2.51 11.6 0 65 
Epithemia sorex 322 9.75 10.64 0 36 
Epithemia sp.1 25 0.75 1.62 0 8 
Eunotia cf zebra 8 0.24 1.090 0 6 
Eunotia cf. bilunaris 2 0.06 0.34 0 2 
Eunotia pseudoveneris 140 4.24 13.80 0 79 
Eunotia sp. 1 35 1.06 2.88 0 15 
Eunotia zebra 13 0.39 2.26 0 13 
Fragilaria aff 
crotonensis 
42 1.27 7.31 0 42 
Fragilaria cf capucina 4340 131.51 487.77 0 2658 
Fragilaria cf construens 72 2.18 9.85 0 56 
Fragilaria cf pennata 4 0.12 0.54 0 3 
Fragilaria cf ulna 54 1.63 5.44 0 30 
Fragilaria construens 
javanica 
4 0.12 0.69 0 4 
Fragilaria lapponica 2128 64.48 177.39 0 812 
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Gomphonema aff. 
clavatum  
13 0.39 2.26 0 13 
      
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Gomphonema cf 
lingulatum 
143 4.33 12.19 0 60 
Gomphonema cf. 
olivaceum (file 
Matdia_51) 
3 0.09 0.38 0 2 
Gomphonema 
intermedium 
229 6.93 9.59 0 34 
Gomphonema 
longissimum 
18 0.54 2.30 0 12 
Gomphonema 
malayense 
3 0.09 0.52 0 3 
Gomphonema 
parvulum 
84 2.54 9.85 0 54 
Gomphonema sp 1 22 0.66 3.82 0 22 
Gomphonema 
woltereckii 
12 0.36 2.08 0 12 
Hantzschia cf 
amphioxis  
9 0.27 1.39 0 8 
Mastogloia malayensis 72 2.18 5.41 0 25 
Mastagloia recta 7 0.21 0.59 0 2 
Mastogloia subrobusta 3 0.09 0.29 0 1 
Navicula exigua var 
undulata 
2 0.06 0.24 0 1 
Navicula aff amphibola 8 0.24 1.39 0 8 
Navicula aff mitigata 2 0.06 0.34 0 2 
Navicula aff pupula 2 0.06 0.34 0 2 
Navicula aff sincta 9 0.27 1.39 0 8 
Navicula aff. elginensis  1 0.03 0.17 0 1 
Navicula cf bacillum f 
intermedia 
20 0.60 1.22 0 4 
Navicula cf 
cymbelloides 
6 0.18 0.72 0 4 
Navicula cf exigua 2 0.06 0.34 0 2 
Navicula cf expecta 10 0.30 1.23 0 6 
Navicula cf expecta 19 0.57 2.96 0 17 
Navicula cf genustriata 12 0.36 1.45 0 6 
Navicula cf insignita 27 0.81 2.85 0 16 
Navicula cf radiosa 38 1.15 5.9 0 34 
Navicula cf scabellum 3 0.09 0.29 0 1 
Navicula cf 
seminuloides 
58 1.75 7.08 0 40 
Navicula cf septata 11 0.33 0.92 0 4 
Navicula cf subdecussis 8 0.24 1.39 0 8 
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Navicula cf tignaria 40 1.21 2.65 0 10 
Navicula cf. 
cryptotenella (file 
Matdia_50) 
2 0.06 0.24 0 1 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Navicula cf. 
subtilissima 
1 0.03 0.17 0 1 
Navicula cymbelloides 15 0.45 2.10 0 12 
Navicula disparata 3 0.09 0.52 0 3 
Navicula divaricata 113 3.42 7.47 0 27 
Navicula helvetica 
woltereckii 
80 2.42 8.90 0 50 
Navicula helvetica 
woltereckii f rostrata 
79 2.39 7.03 0 26 
Navicula minima 53 1.60 4.59 0 22 
Navicula mucicoloides 16 0.48 2.18 0 12 
Navicula perventralis 2 0.06 0.34 0 2 
Navicula 
pseudodelicatula 
10 0.30 1.74 0 10 
Navicula scabellum 11 0.33 0.88 0 4 
Navicula seminuloides 
var sumatrana 
28 0.84 2.47 0 13 
Navicula sp. 1 38 1.15 5.93 0 34 
Navicula sp. 10  2 0.06 0.34 0 2 
Navicula sp. 3  6 0.18 0.88 0 5 
Navicula sp. 4  6 0.18 1.04 0 6 
Navicula subcontenta 48 1.45 5.03 0 28 
Neidium aff bisulcatum 
f. subampliatum 
1 0.03 0.17 0 1 
Neidium affine 3 0.09 0.52 0 3 
Neidium cf ampliatum 48 1.45 4.77 0 24 
Neidium cf iridis 8 0.24 0.96 0 4 
Neidium cf javanicum 2 0.06 0.34 0 2 
Nitzschia cf amphibia 1382 41.8 163.77 0 860 
Nitzschia cf 
amphibioides 
111 3.36 4.26 0 17 
Nitzschia cf luzonensis 51 1.54 7.67 0 44 
Nitzschia cf palea 25 0.75 3.07 0 16 
Nitzschia cf 
pseudosigma 
4 0.12 0.48 0 2 
Nitzschia cf. bacata  2 0.06 0.34 0 2 
Nitzschia frustulum 1271 38.51 59.24 0 242 
Nitzschia helvetica 
woltereckii 
205 6.21 35.62 0 205 
Nitzschia palea 102 3.09 4.89 0 17 
Nitzschia philipinarum 308 9.33 17.31 0 66 
Nitzschia 12 0.36 1.0 0 4 
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pseudoamphioxis 
Nitzschia sp 1 2 0.06 0.34 0 2 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Nitzschia subrostrata 14 0.42 1.17 0 6 
Nitzschia towutensis 4 0.12 0.69 0 4 
Nitzschia woltereckii 51 1.54 8.34 0 48 
Pinnularia aff. Leg… 4 0.12 0.69 0 4 
Pinnularia cf capitata 2 0.06 0.34 0 2 
Pinnularia cf 
divergentissima 
61 1.84 7.31 0 42 
Pinnularia lacunarum 1 0.03 0.17 0 1 
Pinnularia sp. 1 32 0.96 4.25 0 24 
Pinnularia sp. 2 2 0.06 0.34 0 2 
Pinnularia sp. 3 2 0.06 0.34 0 2 
Pinnularia sp. 4 16 0.48 2.78 0 16 
Pinnularia sp. 5 2 0.06 0.34 0 2 
Rhopalodia cf gibba 56 1.69 5.82 0 32 
Sellaphora cf pupula 77 2.33 11.83 0 68 
Stauroneis cf wislouchii 1 0.03 0.17 0 1 
Stauroneis 
phoenicenteron 
13 0.39 1.14 0 6 
Stauroneis sp 1 2 0.06 0.34 0 2 
Stenopterobia 
intermedia 
13 0.39 1.61 0 9 
Stenopterobia pelagica 91 2.75 10.4 0 54 
Stenopterobia robusta 26 0.78 3.53 0 20 
Surirella angustiformis 2 0.06 0.34 0 2 
Surirella celebesiana 4 0.12 0.48 0 2 
Surirella conversa 60 1.81 7.37 0 38 
Surirella cuspidata 42 1.27 6.03 0 34 
Surirella decipiens 2 0.06 0.34 0 2 
Surirella elegans 4 0.12 0.69 0 4 
Surirella elegantula 14 0.42 1.71 0 8 
Surirella elegantula 
cuneata 
6 0.18 1.04 0 6 
Surirella 
ephippiomorpha 
8 0.24 1.09 0 6 
Surirella excellens 4 0.12 0.48 0 2 
Surirella fenestrellata 4 0.12 0.48 0 2 
Surirella horrida 6 0.18 1.04 0 6 
Surirella horrida var 
constricta 
14 0.42 2.43 0 14 
Surirella leyana 23 0.69 3.48 0 20 
Surirella linearis 4 0.12 0.69 0 4 
Surirella papillifera 6 0.18 0.76 0 4 
Surirella pinnigera 4 0.12 0.69 0 4 
Surirella robusta 8 0.24 1.09 0 6 
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Surirella rugosa 2 0.06 0.34 0 2 
Surirella sp.1 2 0.06 0.34 0 2 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min. 
Abundance 
Max 
Abundance 
Surirella sulcata 4 0.12 0.69 0 4 
Surirella tenacis 2 0.06 0.34 0 2 
Surirella tenuissima 18 0.54 2.30 0 12 
Surirella theinemanii 14 0.42 1.22 0 5 
Surirella wolterecki 12 0.36 2.08 0 12 
Synedra cf. Ulna 6 0.18 1.04 0 6 
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Table 3: Summary Data for Mazinaw Lake Benthic Diatom Assemblage 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min 
Abundance 
Max 
Abundance 
Achnanthes clevei 3 0.16 0.70 0 3 
Achnanthes 
exigua 
1 0.05 0.23 0 1 
Achnanthes 
flexella 
23 1.27 2.86 0 11 
Achnanthes 
helvetica 
137 7.61 11.85 0 31 
Achnanthes keelei 1 0.05 0.23 0 1 
Achnanthes 
lanceolata 
24 1.33 2.91 0 12 
Achnanthes lata  5 0.27 0.95 0 4 
Achnanthes 
minutissima 
2412 134 83.67 10 215 
Achnanthes cf 
pseudoswazi 
5 0.27 0.95 0 4 
Amphora sp. 1 26 1.44 2.00 0 6 
Anomoneis vitrea 459 25.5 33.48 0 120 
Caloneis alpestris 1 0.05 0.23 0 1 
Caloneis westii 6 0.33 1.18 0 5 
Cocconeis 
placentula 
9 0.5 1.46 0 6 
Cyclotella cf. 
radiosa 
59 3.27 4.59 0 12 
Cymbella alpina 23 1.27 3.21 0 13 
Cymbella 
amphioxis 
17 0.94 2.36 0 9 
Cymbella cesati 1 0.05 0.23 0 1 
Cymbella cistula 1 0.05 0.23 0 1 
Navicula 
cryptocephala 
390 21.66 46.23 0 203 
Cymbella 
cymbiformis 
17 0.94 2.15 0 7 
Cymbella 
delicatula 
373 20.72 35.82 0 156 
Cymbella 
lanceolata 
5 0.27 0.82 0 3 
Cymbella Muelleri 29 1.61 2.22 0 7 
Cymbella 
reinhardtii 
2 0.11 0.47 0 2 
Cymbella ruttneri 1 0.05 0.23 0 1 
Denticula parva 14 0.77 3.29 0 14 
Diploneis elliptica 8 0.44 1.04 0 3 
Diploneis parva 3 0.16 0.51 0 2 
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Epithemia sp. 1 386 21.44 47.99 0 204 
Taxon Total 
Abundance 
Mean 
Abundance 
SD Min 
Abundance 
Max 
Abundance 
Eunotia dinodon 9 0.5 0.92 0 3 
Eunotia 
intermedia 
130 7.22 30.64 0 130 
Fragilaria 
capucina 
6 0.33 0.59 0 2 
Fragilaria 
crotonensis 
820 45.55 54.95 0 202 
Fragilaria cf. 
lapponica 
150 8.33 11.88 0 36 
Fragilaria ulna 2 0.11 0.32 0 1 
Frustulia 
rhomboides 
22 1.22 3.20 0 13 
Gomphonema 
acuminatm 
14 0.77 1.35 0 5 
Gomphonema 
angustissimum 
703 39.05 69.47 0 212 
Gomphonema 
angustum 
2 0.11 0.47 0 2 
Gomphonema 
longissimum 
12 0.66 2.82 0 12 
Gomphonema 
parvulum 
9 0.5 0.98 0 3 
Gomphonema 
subtile 
5 0.27 0.57 0 2 
Gomphonema 
truncatum 
2 0.11 0.32 0 1 
Melosira aranti 1 0.05 0.23 0 1 
Navicula 
subcontenta 
5 0.27 1.17 0 5 
Navicula 
amphibola 
1 0.05 0.23 0 1 
Navicula angusta 1 0.05 0.23 0 1 
Navicula 
capitoradiata 
6 0.33 1.41 0 6 
Navicula 
clementoides 
1 0.05 0.23 0 1 
Navicula 
cocconeiformis 
18 1 2.16 0 7 
Navicula crucicula 4 0.22 0.94 0 4 
Navicula exilis 27 1.5 3.36 0 12 
Navicula halophila 2 0.11 0.47 0 2 
Navicula 
laevissima 
6 0.33 0.84 0 3 
Navicula nivalis 1 0.05 0.23 0 1 
Navicula plicata 1 0.05 0.23 0 1 
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Taxon Total 
Abundance 
Mean 
Abundance 
SD Min 
Abundance 
Max 
Abundance 
Navicula pupula 7 0.38 1.19 0 5 
Navicula pusilla 1 0.05 0.23 0 1 
Navicula radiosa 158 8.77 9.25 0 32 
Navicula 
scutiformis 
2 0.11 0.47 0 2 
Navicula simplex 99 5.5 22.59 0 96 
Navicula vastra 1 0.05 0.23 0 1 
Navicula vulpina 2 0.11 0.47 0 2 
Navicula weinzleri 1 0.05 0.23 0 1 
Neidium affine 2 0.11 0.32 0 1 
Neidium iridis 2 0.11 0.47 0 2 
Nitzschia 
amphibia 
36 2 4.71 0 16 
Nitzschia angusta 4 0.22 0.94 0 4 
Nitzschia calida 1 0.05 0.23 0 1 
Nitzschia 
epithemioides 
44 2.44 3.36 0 10 
Nitzschia 
lanceolata 
3 0.16 0.70 0 3 
Nitzschia palea 38 2.11 3.02 0 10 
Nitzschia 
perminuta 
2 0.11 0.47 0 2 
Pinnularia esox 1 0.05 0.23 0 1 
Pinnularia 
microstauron 
7 0.38 
 
1.41 0 6 
Pinnularia 
subcapitata 
4 0.22 0.94 0 4 
Rhopalodia gibba 9 0.5 1.54 0 6 
Tabelaria 
floculosa var 1. 
451 25.05 52.43 0 201 
Stauroneis anceps 2 0.11 0.47 0 2 
Stauroneis 
lancburgiana 
1 0.05 0.23 0 1 
Stauroneis 
phoenicenteron 
1 0.05 0.23 0 1 
Stephanodiscus 
sp. 1 
25 1.38 1.50 0 5 
Surirella biseriata 1 0.05 0.23 0 1 
Surirella linearis 1 0.05 0.23 0 1 
Surirella minima 2 0.11 0.47 0 2 
Tabelaria 
floculosa 
7 0.38 0.77 0 3 
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Figure Legend: 
1. Hypothetical frequency (a) and probability (b) distributions of taxa across habitat 
patches, outlining the derivation of ecological specialization (s) from 
distributional datasets. 
2. (a) Hypothetical probability distributions characteristic of specialist or “adapter” 
taxa (s = 0.5) and generalist or “adopter” taxa (s = 0.05). 
(b) Probability distributions for the assemblages of Lake Matano (s = 0.193) and 
Mazinaw Lake (s = 0.162). 
3. Linear regression plot of assemblage-level ecological specialization (s) against 
absolute latitude (degrees from the equator). The point situated highest above the 
regression line represents the assemblage from Viti Levu, Fiji, the only 
freshwater/marine assemblage included in the analysis.  
4. Linear regression plot of assemblage-level taxonomic richness against s. 
5. Linear regression plots of genus-level taxonomic richness against s for selected 
published floras. Floras included are from Papua New Guinea (a), Adak Island, 
Alaska (b), East African Lakes (c), Uinta Mountain Lakes (d), and Viti Levu, Fiji 
(e). 
6. Linear regression plots of genus-level taxonomic richness against s at the within-
lake scale for Lake Matano, Sulawesi Island, Indonesia (a) and Mazinaw Lake, 
central Ontario, Canada (b). 
7. Genus-level mean species abundance vs. genus-level taxonomic richness for Lake 
Matano (a) and Mazinaw Lake (b). Coarsely interrupted lines represent linear 
regression lines, and finely interrupted lines represent delineations between chi-
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square bins. Binning begins with 1 in the bottom left and proceeds to 3 at the top 
left, then 4 to 6 bottom right to top right.  
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CHAPTER 4: 
COLONIZATION OF ARTIFICIAL SUBSTRATES BY THE LITTORAL DIATOM 
COMMUNITIES OF AN ANCIENT, TROPICAL LAKE AND A DEEP TEMPERATE 
LAKE: A COMPARISON OF COMMUNITY DYNAMICS 
 
Abstract: 
 The taxonomic composition and relative abundance of taxa within biological 
communities can be regulated by within-patch mechanisms related to biotic interactions 
or patch-to-patch mechanisms related to dispersal and colonization. The relative 
importance of these mechanisms, however, remains poorly understood. In this study, I 
examined small-scale diatom dispersal and colonization of artificial substrata over 30 
days within the littoral zone of an ancient, tropical lake and over 110 days in the littoral 
zone of a deep, temperate lake. In the tropical system, changes in relative abundance 
distributions over time indicated that colonization processes onto vacant substrata 
proceeded as predicted by stochastic dispersal paradigms early in the colonization period, 
but shifted to patterns reflecting deterministic community dynamics after about 10 days. 
There was also a community composition consistent with predictions of ecological 
succession later in the colonization period. In the temperate lake, community patterns 
were consistent with the predictions of stochastic paradigms in the early colonization 
period, and were frequently “reset” prior to the onset of deterministic controls. These 
findings suggest that although initial dispersal and colonization mechanisms are 
stochastic in nature, subsequent deterministic mechanisms are highly influential to the 
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long-term dynamics of the diatom communities of tropical lakes and exert a weaker 
influence on the communities of temperate lakes. Disturbance regimes also exert an 
influence on community dynamics by “resetting” the community to an early colonization 
period. 
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Introduction:- 
Communities of biological organisms are primarily characterized by their 
composition – the presence and / or absence of taxa within that community – and by the 
relative abundance of those taxa within the community. At any spatial scale, community 
composition on a habitat patch is determined by both within-patch mechanisms such as 
speciation and extinction, and patch-to-patch mechanisms related to the dispersal of 
propagules and relative colonization success. On large scales, relative abundance is 
determined largely by within patch biological interactions, but as spatial patch resolution 
increases, patch-to-patch mechanisms such as dispersal can exert a short term influence 
on within-patch community characteristics.  
Relative abundance distributions are frequently used as a simple measure of 
community structure (Preston 1948, Patrick 1967, 1975, Pachepsky et al. 2001, Steel et 
al. 2004, Ulrich & Ollik 2004). It remains widely accepted that a symmetrical log-normal 
dostribution is characteristic of a community in equilibrium (Pachepsky et al. 2001, Steel 
et al. 2004, Ulrich & Ollik 2004). Preston (1948, 1962) showed that natural communities 
often exhibit this unimodal model of relative abundance distributions and deflections 
from this model can be viewed as indicative of community level effects (disturbance, 
selective migration etc.). Patrick (1967, 1975) asserted that the shape of the relative 
abundance distribution for diatom communities can be affected by colonization 
mechanisms such as the number of taxa in the source pool and the rate of invasion. 
Patrick’s work confirmed the log-normal nature of community RADs in general, and 
supported the general concepts of the Theory of Island Biogeography (MacArthur and 
Wilson 1963), and confirmed that dispersal of propagules from the source pool is a 
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stochastic phenomenon.  
Stochastic models of dispersal and colonization are relatively common in the 
literature. Simberloff (1969, 1978, and Rahel (2002) postulated that aquatic 
communities, given sufficient time, will become homogenized, at least on a regional 
scale, as a result of stochastic dispersal and colonization processes. Several authors 
have argued, however, that colonization success is not simply a function of 
propagule pressure and dispersal ability. Elton (1958) argued that successful 
colonization by a species was a function of its competitive abilities, as well as the 
niche packing and competitive dynamics of the community being colonized. In a 
more formalized model, Lodge (1993) stated that in order to achieve and maintain 
inclusion in a biological community, a species must survive a series of three levels, 
or “filters;” a viable propagule must disperse to the new habitat patch (dispersal), 
survive the environmental conditions at the new patch (physiological), and 
successfully endure the effects of predation and/or competition within the new 
community (biological).  
In recent surveys of the diatom communities of the Malili Lakes (Sulawesi Island, 
Indonesia), Bramburger et al. (2004) demonstrated that contrary to classically accepted 
paradigms of diatom dispersal and colonization, advective propagule input had little 
influence on the composition of the diatom floras the lake-to-lake and regional scales. 
Within Lake Matano, the headwater of the Malili Lakes chain, relative abundance of 
species within diatom communities vary from site-to-site, but these differences were 
more related to small scale variances in physic-chemical characteristics of sites than to 
geographic proximity (Chapter 2). Similarly, manipulative studies simulating conditions 
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following an upwelling event within the lake have shown that the interaction between 
abiotic conditions and competitive dynamics can strongly influence the relative 
abundance of littoral diatom taxa within Lake Matano (Chapter 5). Both of these studies 
demonstrated the importance of the physiological and biological filters of Lodge’s (1993) 
model at the within lake scale. The influence of stochastic dispersal processes operating 
on this scale, however, remains to be resolved.  
What role do stochastic dispersal mechanisms play in determining the 
composition and relative abundance distribution of benthic diatoms? If colonization 
mechanisms are truly stochastic, then the relative abundance distribution of diatom taxa 
upon newly colonized substrata would be expected to approach a standard normal curve 
as time progresses. Over time, the modeled maximum of the relative abundance 
distribution for the assemblage would become more positive, but the standard deviation 
would remain constant, and the curve would maintain its shape (Fig. 1a). Contrastingly, if 
colonization is proceeding in accordance with deterministic mechanisms, I would expect 
the maximum of the relative abundance distribution to reach a plateau in its positive 
migration, and its standard deviation to decrease (Fig. 1b). In this study, I examined the 
nature of small-scale diatom dispersal and colonization of artificial substrata over a 30 
day period within the littoral zone of a deep, ancient, tropical lake – Lake Matano, on 
Sulawesi Island, Indonesia. As a comparison, the same experiment was repeated over a 
five month period in Mazinaw Lake, a deep lake located on the Canadian Shield in 
central Ontario.  
Materials and Methods:  
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Site Description and Sampling  
Lake Matano is an ancient, tectonically-formed lake located on central 
Sulawesi Island, Indonesia. The lake is steep-sided, with a maximum depth of about 
590 m (Haffner et al. 2001), and ultrabasic bedrock and coarse sand are the dominant 
substrate types in the narrow littoral zone. This study was conducted in situ at “B 
Beach” (S 02º 31.4436’, E 121º 22.1940’), a typical sand / ultrabasic rock beach 
located on the southern shore of Lake Matano, just east of the town site at Sorowako 
(Fig. 2). The shoreline at B Beach is comprised of ultrabasic bedrock, and the littoral 
area is gradually sloping, and composed of sand and small ultrabasic cobbles within 15 
m of shore. After 15 m, the slope becomes steep (>30°), and the substrate is primarily 
coarse sand. Approximately 30% of the littoral zone of Lake Matano is comprised of 
similar habitat.  
Mazinaw Lake is a deep, glacially-formed lake located on the Canadian Shield in 
east-central Ontario (Fig. 3). Like Matano, Mazinaw is steep-sided with small littoral 
zones and a maximum depth of approximately 140 m. Littoral substrata are comprised 
primarily of granitic bedrocks and sand. This study was conducted in a gradually-sloping 
littoral area immediately adjacent to a public boat launch on the western shore of the lake 
with sand and granitic cobbles as the primary substrate types.  
Two replicate series of 15 clean, uncoated glass microscope slides (25 mm x 75 
mm x 1 mm) were deployed as artificial substrata within the nearshore littoral area of 
both lakes. Slides were sequentially labeled and stuck onto platforms in random order 
with inert, transparent silicone aquarium sealant. Platforms were placed in the littoral 
zone in approximately 2 m of water, and partially buried so that the microscope slides 
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were within 5 cm of the substrate-water interface. Slides were removed sequentially from 
each series, bagged underwater, and subsequently fixed with Lugol’s solution. Removals 
took place every second day in Lake Matano, and on days 2, 4, 8, 12, 16, 48, and 110. 
The colonization period was stopped when all slides had been removed.  
Sample Preparation and Diatom Enumeration  
Microscope slides were scrubbed within their bags with a toothbrush, and material 
was volumetrically transferred to beakers and subjected to hot nitric / sulphuric acid 
digestion. Samples were then rinsed with distilled water and centrifuged for 10 minutes at 
3000 rpm. Rinsing and centrifugation were repeated 5 times to remove extraneous acid 
from the samples. Cleaned diatom material was dried onto LM coverslips and mounted 
onto slides with Naphrax™ mountant.  
Diatoms were counted within 50 random fields of view per slide at 640x 
magnification using brightfield and phase contrast optics on Leica DMR and Diaplan 
light microscopes. This resulted in counts of approximately 500 – 1000 valves per 
sample. Count data were used to calculate relative abundance of all taxa present, and 
generate relative abundance distributions for each sample. Diatom identifications 
followed Hustedt (1942) where possible, or the currently accepted taxonomy for taxa not 
described from the Malili Lakes. Statistical Analysis  
Log-normal curves were modeled to fit the RA distributions using GraphPad 
Prism, and modeled to infinity positively and negatively in order to estimate the 
position of the maximum of the curve. The relationship RAD maximum and time was 
evaluated using a linear regression (SYSTAT 8.0). Additionally, a Principal 
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Components Analysis (PCA) and subsequent ordination were performed on relative 
abundance data from colonized substrate samples to probe for taxa whose relative 
abundance changed in a significant and diagnostic fashion over time.  
 
Results:  
A total of 204 taxa of diatoms were encountered from our previous studies 
conducted within Lake Matano. Within individual samples from the previous, lake-wide 
studies, taxonomic richness ranged from 14 to 42 taxa, with a mean taxonomic richness 
of 26. On artificial substrata from this study, 95 taxa were encountered from 27 samples, 
single-sample taxonomic richness ranged from 23 to 35 taxa, and the mean taxonomic 
richness was 26. In Mazinaw Lake, a total of 55 taxa were encountered, with taxonomic 
richness in individual samples ranging from 7 to 28.  
Relative abundance distributions (RAD) were generated for all colonized artificial 
substrata, and non-linear regression was used to model the locations of the maxima for 
the RAD of each colonization time point. Modeling of RAD curves (Fig. 4a), followed by 
subsequent linear regression of RAD maxima vs. time showed that the location of the 
modeled RAD maxima for Lake Matano increased significantly with time over the 
colonization period (n=30, p=0.04, R
2 
= 0.1932). RAD maxima for samples taken at the 
same time point were often divergent, despite close proximity of slides to one another 
and randomization of the experimental setup. When sample RAD curves were grouped 
according to the time period in which they were sampled, (first, middle, last 10 days), 
early colonization curves clustered together, with more negative RAD maxima. Late 
colonization samples also clustered together, with more positive RAD maxima, while 
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samples from the mid-colonization period were split between the two other groupings. A 
relative abundance distribution was also calculated for the mean abundances of taxa 
encountered within samples from previous studies. The maximum of this RAD was lower 
than the maximum of the RAD at the end of the colonization period, and RAD maxima 
during the colonization period did not approach the maximum for the RAD from standing 
crop samples.  
In Mazinaw Lake, there was no significant relationship between time of sampling 
and RAD maximum. In addition, there was no discernible clustering of RAD curves into 
early, middle, and late colonization periods (Fig. 3b). In both lakes, the mean taxonomic 
richness remained relatively constant over time (Fig 4a, b) with Mazinaw Lake showing 
more variability than Lake Matano. In Lake Matano, the cumulative taxonomic richness 
continued to increase over time as new taxa were encountered, while cumulative richness 
reached an asymptote early in Mazinaw (Fig. 4a, b).   
In the PCA component loading plot generated from relative abundance data for 95 
taxa from colonized substrata from Lake Matano (Fig. 5a), taxa that were typically 
encountered early in the colonization period and maintained their relative abundance, 
such as Cymbella cryptocephala (CYMCRYPT), C. gracillima (CYMGRAC), 
Achnanthes minutissima (ACHMIN) and its varieties, and Gomphonema intermedium 
(GOMPHINTER) tended to cluster positively on the PC1 and PC2 axes. Taxa that were 
encountered later in the colonization period, or whose relative abundances increased later 
in the colonization period, including C. cryptotenella (CYMCRYPTOT), Surirella 
sublinearis (SURSUBLI), and Surirella excellens (SUREXCEL) clustered positively on 
the PC2 axis, while taxa whose relative abundance decreased with time, such as Navicula 
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divaricata (NAVDIVAR) and Nitzschia cf. frustulum var. perminuta (NIZFRUS) 
clustered negatively along the PC2 axis (Fig. 5a). A two-dimensional PCA ordination 
plot of samples (Fig. 5b) shows a general trend with early-colonization samples tending 
to cluster positively on the PC1 and PC2 axes, and later colonization samples clustering 
closer to the origin, or slightly negatively on both axes.  
Discussion:  
A symmetrical log-normal RAD, dominated by taxa with intermediate relative 
abundances, has been widely accepted as being indicative of a stable community. Patrick 
(1967) showed that as an increasing number of individuals were counted within a sample, 
the RAD of the sample approached a symmetrical log-normal type curve, assuming that 
counting was conducted in a random fashion. Artificial substrata, as used in this study, 
represent long term sampling devices, and an increase in colonization time onto these 
substrata is analogous to increasing sampling effort in counting studies. The results of 
curve fitting anaylsis using GraphPad software in this study identified log-normal curves 
as the best fit for our count datasets. This finding is in agreement with the assertion of 
Patric (1967) and others (Preston 1948, Pachepsky et al. 2001, Steel et al. 2004, Ulrich & 
Ollik 2004) that natural communities tend to assume log-normal, unimodal RADs at 
equilibrium, and the shape of these RADs can be influenced by community processes. In 
the early stages of colonization, rare taxa and taxa of intermediate abundance from the 
source pool were poorly represented in the colonized community. Taxa with intermediate 
abundances appeared as rare, negatively influencing the position of the RAD maximum. 
As colonization progressed, very rare ore very abundant taxa were encountered 
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occasionally, intermediately abundant taxa were frequently encountered, the position of 
the RAD maximum became more positive, and the curve became more symmetrical.  
The location of the maxima of RADs for colonized artificial substrata deployed 
in Lake Matano increased significantly and tended towards a standard normal distribution 
with a small standard deviation in the early phases of the colonization period (Fig. 3a). 
This finding indicates that dispersal processes occurring on a small spatial scale are 
consistent with the notions of stochastic propagule dispersal proposed by MacArthur and 
Wilson (1963) and Patrick (1967), and suggests an approach towards the RAD 
characteristics of a stable community composed largely of relatively frequent taxa 
(Pachepsky et al. 2001, Ulrich and Ollik 2004). Sample RAD curves that grouped outside 
of their correct sampling time group corresponded to sampling days following substantial 
overnight wind and wave events. In the case of late colonization samples, I speculate 
these wind events may have served to “reset the clock” by flooding the substrate with 
more common, abundant forms. Interestingly, the RAD generated from mean relative 
abundances of species from established communities within the lake was strongly left-
skewed. This left-shifting of a log-normal distribution is characteristic of systems 
composed primarily of occasional, or rare taxa, and is observed in many natural 
communities (Ulrich and Ollik 2004). Additionally, the trend in RAD maxima from 
colonization samples was not towards that from the standing communities. This result 
suggests that although stochastic processes regulate initial dispersal and colonization onto 
vacant substrata, subsequent, within-patch mechanisms govern the relative abundance of 
taxa over extended time periods.  
  
 The cumulative taxonomic richness continued to increase throughout the study 
 107 
period in Matano, although mean taxonomic richness values remained relatively constant. 
This result suggests that the community in Matano was undergoing a series of 
successional changes during the colonization period. Contrastingly, in Mazinaw Lake, the 
mean taxonomic richness showed a higher degree of variability over time than that in 
Matano, and cumulative richness did not continue to increase throughout the study 
period. This finding suggests that changes in mean richness were reflective of short 
successional bursts punctuated by frequent resetting of the community to low richness, 
early successional status.  
In Mazinaw Lake, the position of the RAD maximum migrated in a positive 
fashion for short periods of time, but this pattern was not consistent throughout the 
colonization period. This observation reflects the inherent temporal variability of 
temperate systems and the tendency of successional processes to be “reset” by 
significant weather events. When compared to the patterns observed in Lake Matano, 
these findings suggest that while communities tend towards deterministic 
characteristics, stochastic events have the potential to keep deterministic patterns from 
being observed in some systems.  
The duration of the period characterized by stochastic mechanisms has 
potentially important implications for colonization biology and paleolimnology. In this 
study, the community dynamics were consistent with those predicted by stochastic 
models for the first 10 days of the study period, and a subsequent small-scale disturbance 
event “reset” the communities of some slides at the 22 day mark. Within these periods, 
communities on the slides were dominated by transient, generalist taxa, and susceptible to 
stochastic colonization events. Outside of these periods, the communities were dominated 
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by rare, specialist taxa, and appeared to exhibit Eltonian community resistance to 
subsequent colonization events (Elton 1958). In essence, if the duration of the stochastic 
period is shorter than the interval between disturbance events capable of “resetting” the 
communities in question, (i.e. in stable, tropical regions), then the communities should be 
dominated by rare, specialist taxa. Conversely, if there is insufficient time between 
disturbance events to enable the onset of deterministic community control (i.e. temperate, 
temporally unstable habitats (Oemke et al. 1986)), then communities will be dominated 
by transient forms, and susceptible to stochastic colonization events. In these cases, a true 
deterministic community structure may never be attained, and the certainty of any 
paleolimnological modeling exercises in these systems is reduced.  
In the linear regression of RAD maxima vs. time, the somewhat weak 
correlation indicated by a relatively low R
2 
(0.19) indicated that although stochastic 
colonization mechanisms can account for a substantial portion of the variability observed 
in Lake Matano’s benthic diatom communities, other mechanisms play an important role 
in determining community trajectories through time at very small spatial scales. 
Differences in RAD maxima from samples taken at the same time point demonstrate that 
communities occupying identical substrata in close proximity may still follow 
substantially different trajectories (Fig. 3b). These differences are reflective of the 
exposed nature of the sample site, and small scale fluctuations in disturbances caused by 
wind and wave action, siltation, and shoreline currents.  
The shift in community structure after initial colonization observed in this 
study is consistent with the classically accepted notion of biological succession 
(McIntosh & Odum 1969, Lewis 1978, Sousa 1979). MacArthur and Wilson (1967) and 
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Simberloff (1969) postulated that in the early stages of succession, community 
composition is typically dominated by transient, generalist taxa and as succession 
proceeds, the community becomes composed primarily of more specialized taxa.  
RAD data illustrate that many taxa persist at low relative abundances on a long-
term basis. This finding is consistent with the recent work of Sogin et al. (2006), who 
demonstrated that many thousands of species of bacteria could co-exist in low relative 
abundances within a single liter of seawater. I also conducted a principal components 
analysis to document discernible changes in relative abundance of taxa over time. Taxa 
such as Achnanthes minutissima and Epithemia argus, identified by PCA as successful 
early successional forms were typically small, easily dispersed, and common throughout 
the lake in standing community samples. Taxa within the genera Surirella and Navicula, 
identified by PCA as more successful later in the colonization period were typically 
larger, more complex diatoms that were typically present in low abundances in standing 
community samples. An overall trend towards increasing complexity is consistent with 
the findings of Korte and Blinn (1983), who noted that in the early stages of colonization, 
the communities on artificial substrata were simple two-dimensional films composed 
mainly of relatively small taxa. The shift in taxonomic composition in the latter stages of 
colonization could be explained by a dynamic state of insular equilibrium as proposed by 
Simberloff (1974), in which taxa within a patch are replaced in a stochastic manner and 
the overall taxonomic richness of the patch remains unchanged. However, the 
consistency of the taxonomic shift across samples in this study argues against the 
stochasticity of this process, and suggests that our observations represent a shift from 
stochastic, dispersal-based mechanisms and within patch mechanisms related to biotic 
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interactions as the colonization period progressed.  
PCA ordination of colonization samples showed a clear trend with early 
colonization samples clustering near the top right of the plot and later colonization 
samples clustering closer to the origin. Samples 4a and 4b were strongly separated from 
the other samples with a very “early” signal. This separation was due to the high relative 
abundance of Cymbella cryptocephala, a taxon identified as successful early in the 
colonization period by PCA, in these samples when compared to others. This result 
demonstrates that single species can respond to short term changes in environmental 
conditions on very small spatial scales, consistent with the assertion of Bramburger et al.  
(submitted) that subtle changes in environmental conditions can bring about community 
level changes in the relative abundance of various taxa. These community-level responses 
represent a possible explanation for the patchy distributions of diatom taxa within 
communities around Lake Matano reported by Bramburger et al. (in press). As an 
additional note, the 204 taxa encountered from previous studies within Lake Matano 
represent an increase of 64 taxa from the original 140 taxa reported by Hustedt (1942) 
and support assertions by Hustedt (1942) and Bramburger et al. (2004, 2006) that the 
taxonomic richness of the diatom communities of the Malili Lakes has been previously 
underestimated and will increase with a more discreet spatial sampling and continuing 
taxonomic work.  
In summary, our data indicate that in the early stages of succession, the diatom 
community on artificial substrata is regulated by stochastic mechanisms related to 
dispersal. As succession proceeds, however, the stochastic model breaks down, and 
community composition and relative abundance are governed by mechanisms functioning 
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on a within-patch scale over extended periods of time. These long-term results are in 
contrast to the stochastic models of community regulation proposed by MacArthur and 
Wilson (1967), Patrick (1967), Simberloff (1969, 1974), and Rahel (2002), and consistent 
with assertions by Ulrich and Ollik (2004) and Sogin et al. (2006) that the composition of 
natural communities is dominated by occasional taxa persisting in low relative 
abundances. My results also suggest that the patchiness of benthic diatom community 
distribution observed in Lake Matano (Bramburger et al. in press) is likely related to 
small scale differences in abiotic conditions and biotic interactions, rather than 
differences in dispersal patterns. Furthermore, the maintenance of stochastic community 
structure in temperate systems is regulated by the disturbance regime. 
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Figure Legend: 
Figure 1a: Predicted RAD curves for purely stochastic community mechanisms. 
Figure 1b: Predicted RAD curves for initial stochastic colonization mechanisms followed 
by subsequent deterministic community mechanisms. 
 
Figure 2a: Sulawesi Island, Indonesia, showing the location of the Malili Lakes. Inset: 
Lake Matano, showing the location of B Beach. 
Figure 2b: Mazinaw Lake, central Ontario, showing the location of the study site on the 
western shoreline. 
 
Figure 3a: Modeled RAD curves for mean RAD maxima and standard deviations at each 
time point for Lake Matano. Curves are grouped into the first, second, and third ten days 
of the experiment.  
Figure 3b: Modeled RAD curves for mean RAD maxima and standard deviations at each 
time point for Mazinaw Lake. Curves are grouped into the first and second ten day 
periods, and the final time period, greater than 20 days. 
 
Figure 4a: Mean and cumulative taxonomic richness over a 30 day study period in Lake 
Matano. 
Figure 4b: Mean and cumulative taxonomic richness over a 110 day study period in 
Mazinaw Lake. × 
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Figure 5a: Principal component factor loadings plot. Taxa that were successful early in 
the colonization period clustered positively on PC1 and PC2, while taxa that were more 
successful later in colonization clustered closer to the origin on both axes. 
Figure 5b: PCA ordination of colonization samples. Samples from the early colonization 
period are denoted by blue symbols, middle colonization period by green, and late 
colonization period by red. Ellipses represent the 95% confidence boundary for group 
membership.
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CHAPTER 5: 
EFFECTS OF A SIMULATED UPWELLING EVENT ON 
THE LITTORAL, EPILITHIC DIATOM COMMUNITY OF AN 
ANCIENT, TROPICAL LAKE 
 
Abstract:  
 
Currently accepted paradigms in ecology dictate that disturbances exert a significant 
influence on community structure and dynamics (Connel 1978, Huston 1994). Microbial 
community resistance and resilience to perturbations are largely dependent on the 
physiological flexibility and taxonomic richness of the pre-perturbation community 
(Alison & Martiny 2008). Can a microbial community dominated by late-successional 
endemic taxa exhibit resistance and/or resilience? In this study, intact diatom 
communities on small rocks from the littoral zone of an ancient, tropical lake were 
exposed to oxygenated, filtered hypolimnetic water to simulate a perturbation such as an 
upwelling event. Filtered lake surface water was used as a control. Discriminant function 
models based on changes in density and relative abundance of taxa after both treatments 
assigned samples to their correct treatment groups 100% of the time. A change in relative 
abundance of taxa between the two treatments indicated that competitive outcomes varied 
with a shift in the water chemistry, with different taxa exhibiting positive, negative, or 
neutral numerical responses. Early successional forms account for significant increases in 
relative abundance and density after perturbation. These results suggest that highly 
endemic diatom communities can maintain community function through shifts in 
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competitive dynamics. It is concluded that condition-specific competition models can be 
invoked to explain diatom community dynamics despite the inability of diatoms to use 
behavior to respond to changes in the abiotic environment. 
Introduction: 
The relative importance of stochastic and deterministic mechanisms in the 
development and maintenance of biological communities has been a long-standing source 
of substantial debate within the field of ecology. As early as 1878, Wallace proposed that 
long periods of climatic stasis in the low latitudes had allowed for extended bouts of 
uninterrupted biotic evolution and diversification – a decidedly deterministic explanation 
for the increased taxonomic diversity associated with tropical regions. Since Wallace, 
many authors have postulated on the influence of perturbation regimes on community 
composition (Paine 1966, Sanders 1968, Grassle 1989, 1991, Huston 1994), often with 
the objective of explaining patterns of taxonomic diversity. Sanders (1968) re-asserted 
Wallace’s (1878) notion of deterministically driven community development as the 
“Time-Stability Hypothesis,” and subsequently, Huston (1994) proposed the 
“Productivity-Disturbance Hypothesis,” in which increased productivity leads to rapid 
population growth, and more frequent competitive exclusions. These effects are mitigated 
by more rigorous disturbance regimes that check population growth, but carry an 
increased probability for stochastic extirpation events. Maximum richness, therefore, is 
predicted at moderate levels of productivity and disturbance. Similarly, the Intermediate 
Disturbance Hypothesis (Connell 1978) predicts an increased probability of competitive 
exclusion in low-disturbance regimes, and predicts maximum richness under moderate 
levels of perturbation. It is interesting to note that although all of these concepts identify 
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disturbance regime – a stochastic phenomenon - as an important predictor of community 
characteristics, deterministic mechanisms are commonly invoked to explain community 
development during intervals between perturbation events. 
 The effects of perturbation on biotic communities are the results of the interplay 
between the nature of the imposed perturbations and intrinsic characteristics of the 
community itself. Classically, disturbances have been characterized by their frequency, 
duration, and intensity (Connell 1978, Lorimer & Frelich 1989).  While the frequency of 
a disturbance is relatively simple to quantify, duration and intensity can be less obvious, 
and must be considered within the context of the organism or community being affected. 
For example, as humans we commonly think of disturbances as rather severe “pulse” 
events such as hurricanes, earthquakes, or forest fires. To single-celled algae, on the other 
hand, seemingly trivial pulse events like water waves or an animal stepping on a lakebed 
can represent pulse events with sufficient intensity to completely alter communities, and 
longer duration perturbations such as runoff and/or upwelling events less than a week in 
duration can represent multi-generational “presses.”   
 The notion that biotic communities can exhibit resistance – the ability to remain 
unchanged in the face of a disturbance, and resilience – the ability to rapidly return to 
pre-disturbance configuration after a disturbance – is pervasive in community ecology. In 
microbial systems, resistance is largely attributed to wide ranges of physiological 
tolerance whereas resilience is likely due to the high abundance, rapid dispersal, and 
rapid growth rates of the resident taxa (Allison & Martiny 2008). Classically, the concept 
of community resilience hinges on the return of ambient conditions after the disturbance 
event. Continued community function in the face of extended periods of disturbance is 
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associated with functional redundancy in communities exhibiting high degrees of 
taxonomic diversity (Allison & Martiny 2008, Fenchel & Finlay 2004, Meyer 1997).   
 Do currently accepted paradigms of resistance, resilience, and functional 
redundancy hold true for systems characterized by low taxonomic richness, specialized 
endemic taxa, and limited dispersal? In this study, we evaluate the effects of a press-type 
disturbance on a highly endemic, littoral, epilithic diatom community via a simulated 
upwelling event. The benthic diatom flora of the Malili Lakes, a series of five ancient 
lakes located on central Sulawesi Island, Indonesia, is an example of a diatom community 
with limited species richness (265 taxa, Bramburger et al. 2004, 2006), many of which 
(ca. 90 %)  are endemic (Hustedt 1942, Bramburger et al. 2004). Despite the presence of 
potent dispersal vectors among and within lakes, similarity among the diatom 
assemblages of the Malili Lakes is low on both lake-to-lake and site-to-site scales 
(Bramburger et al. 2004, 2008), indicating a strong environmental filtering effect (as per 
Lodge 1993). The lack of a strong dispersal influence on the system provides an 
opportunity to investigate factors such as competition, disturbance, and succession, and 
their influence on community level dynamics at the within-lake scale. 
 According to the classically accepted paradigms of algal ecology, most taxa 
exhibit cosmopolitan patterns of distribution and many authors have assumed 
homogeneous, stochastically-generated algal distributions in the construction of 
predictive limnological and paleolimnological models (Reynolds and Irish 1997). Due to 
their ability to disperse over long distances, diatoms generally conform to this trend of 
homogeneous distribution (Darwin 1841, Cleve 1894, 1895, Foged 1966, 1971, 1978, 
1981, 1982, 1984, 1985) and diatom community composition is not strongly regulated by 
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colonization success. Although many diatom taxa are cosmopolitan, recent research 
suggests that distributions of some diatom taxa are more restricted than previously 
predicted (Hustedt 1942, Vyvermann 1991, Moser et al.1998, Bramburger et al. 2004). 
Physio-chemical tolerances and biological interactions, therefore, are thought to play a 
significant role in determining diatom community composition. Fleeger et al. (2003) and 
Taniguchi and Nakano (2000) proposed that the interaction between abiotic factors and 
biological effects, or condition-specific competition, exerted the primary regulating force 
on community dynamics. Here, we hypothesize that by imposing a press-type disturbance 
on a taxonomically impoverished endemic community we can produce community-level 
changes in composition and the relative abundance of taxa.  
 
Materials and Methods: 
Site Description and Sampling 
Lake Matano, the headwater of the Malili Lakes system, is a tectonically formed 
graben lake with a maximum depth of approximately 590 m (Haffner et al. 2001). The 
drainage basin surrounding Lake Matano is composed primarily of ultrabasic rock rich in 
metals including nickel and iron (Van Bemmelin 1970). To a lesser extent, other 
bedrocks forming the lake basin include limestone, sandstone and conglomerates.  With 
exposure to ultrabasic bedrock, concentrations of nickel and iron, along with several 
other metals, are elevated within the water column of the lake. Lake Matano exhibits a 
weak pelagic stratification, and below 100m, a redox gradient is observed that regulates 
nutrient and metal bioavailability (Crowe et al. 2008). The perturbation imposed in this 
study is analogous to an upwelling event where a water mass rich in dissolved nutrients 
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and metals is brought to the surface and imposed on the resident benthic diatom 
community. 
Salonsa Beach is a typical cobble to sand beach the main public swimming beach 
located along the southern shore of Lake Matano, Sulawesi Island, Indonesia at S 02° 
30.435, E 121° 20.158 (Fig.1).  Within approximately 10 m of shore, the beach is 
moderately-sloped (< 10°) and is composed mainly of small, ultrabasic rocks 
(approximately 5 cm per side). After 10 m, the substrate is mostly coarse sand and the 
slope becomes steep. Similar beach habitats comprise ~30% of the shoreline around the 
lake. 
 Forty-five small ultrabasic rocks were collected by snorkel from the littoral zone 
of Salonsa beach at a depth of approximately 1 m. Rocks were placed in a bucket without 
being removed from the water and transported back to a temporary, on-site laboratory, 
where they were left to stand for 24 hours so that any suspended diatom material could 
come to rest on the rocks.   
 Surface water was sampled from Salonsa beach in a 10 L carboy and 
subsequently filtered through 0.5 m pore size nitrocellulose to remove potential residual 
diatom material. Deep water was sampled from the center of the lake (S 2° 19.000, E 
121° 28.000) with a Niskin sampler at 150 m. Treatment water from 150 m was aerated 
with an airstone for 24 hours and filtered through 0.5 m pore size nitrocellulose to 
remove precipitates and extraneous diatom material. This treatment was analogous to an 
upwelling event and subsequent oxygenation of hypolimnetic water. 
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Study Design and Implementation 
 This study utilized a modified Before-After, Control-Interference (BACI) design 
(Underwood 1992). Since it was not necessary for the study to use before-after pairs for 
each replicate, we elected to use one before group instead of before-control and a before-
interference groups. The design therefore employed three treatments; (Before, Control, 
and Upwelling), with 15 replicates of each treatment. 
  The 45 rocks sampled were assigned into 15 groups of three rocks, based on 
colour, size, and roughness. One rock from each group of three was immediately bagged 
and fixed with Lugol’s solution. These served as the “before,” or time-zero rocks 
(Control). “After-control” rocks were placed in jars with 500 mL of Salonsa Beach water 
(Surface) and “after-interference” rocks were placed in jars with 500 mL of treated 150 m 
water (Upwelling). Lids were placed loosely on jars to prevent evaporation and/or 
deposition of airborne particles. Jars were subsequently placed on a platform in 
randomized order, and exposed to ambient outdoor temperature, light, and photoperiod 
for 15 days. After the 15-day exposure period, all rocks were bagged and fixed with 
Lugol’s solution. 
Diatom Enumeration 
 Rocks were scrubbed with toothbrushes and rinsed within their respective bags. 
Contents of the bags were subsequently rinsed into 25 mL beakers. Organic material was 
removed from samples by hot nitric/sulphuric acid digestion followed by centrifugation 
for 10 minutes at 3000 rpm and rinsing with distilled water. Centrifugation and rinsing 
were repeated five times to remove extraneous acid and extracted diatom material and 
supernatant were then volumetrically transferred into scintillation vials. 
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 To estimate rock surface area, scrubbed rocks were dried at 40˚C for one hour and 
then weighed. Rocks were subsequently painted with two even coats of Varathane  
Colors in Plastic enamel paint, dried, and re-weighed. Five 22 mm x 22 mm coverslips 
were subjected to the same procedure and the mean change in coverslip mass after 
painting was calculated. Rock surface area (SAR) was calculated as: 
 
R
C
C
R m
m
SA
SA  
where SAC is the surface area of the coverslip, Δmc is the mean change in mass of the 
coverslips after painting and ΔmR is the change in mass of the rock after painting. An 
index of roughness (R) was also calculated for each rock following the formula: 
 
R
R
v
SA
R  
where SAR is the surface are of the rock, and vR is the volume of the rock as measured by 
water displacement. 
 From the cleaned diatom samples, 1 mL of homogenized material from each 
sample was dried onto a 22 mm x 22 mm coverslip and mounted to a slide with 
Naphrax  mountant for LM examination. Diatom enumeration was carried out on a 
Leica DMR light microscope at 640x using brightfield optics. Diatoms were counted 
within random fields of view until 100 valves of the dominant taxon were enumerated. 
This procedure produced counts of roughly 300-500 diatom valves per slide. Material 
from selected samples was mounted on SEM stubs and sputter coated with gold. Diatom 
taxonomy was verified with an FEI XL30 ESEM using accelerating voltages of 15-30 
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kV. In order to maintain taxonomic consistency, we used the original nomenclature of 
Hustedt (1942) in our identifications. Diatom material and permanent slides, including 
slides with circled voucher specimens, have been deposited with the collection at the 
Canadian Museum of Nature (CANA 79500-79589). 
 Relative abundance (RA) of diatom taxa was calculated directly from count data. 
Diatom density (valves per mm
2
) was estimated by calculating the abundance of diatoms 
on the coverslip (abundance per 1 mL of sample), multiplying by the total volume of 
cleaned sample (abundance per rock), and dividing by the rock surface area (SAR). 
Chemical Analysis 
 In order to verify differences in aqueous chemistry between the two treatments, 
samples of Lake Matano surface water and “upwellled” water were filtered and water 
chemistry was measured using inductively-coupled plasma optical emission spectroscopy 
(ICP-OES).  
Statistical Analysis 
 For each taxon, the change in relative abundance was calculated for the surface 
and upwelled treatments by subtracting the relative abundance on the before rock from its 
after-control and after-interference counterparts (A - Before, B - Before). The same 
procedure was used to calculate the change in density for all taxa for each group of rocks, 
and the change in total density, as well as Shannon’s Diversity, and Shannon’s Evenness 
for each group of rocks. 
 Paired-sample T-tests (Zar 1999) were used to evaluate differences in the changes 
in total density, Shannon’s Diversity, and Shannon’s evenness between control and 
interference treatment groups, using the One-Tail T-test function in SYSTAT 11. The 
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paired-sample test is preferred to the two-sample t-test when comparing two sets of data 
in which individuals within each of two samples are not independent of one another (Zar 
1999). 
Automatic forward-stepping Discriminant Function Analysis (DFA) was used to 
discern which taxa contributed significantly to the variation between the control and 
upwelling treatments in regards to changes in relative abundance and density. Type of 
comparison (Control –Surface, Upwelling - Surface) was used as the grouping variable 
and prior variances were calculated from group sizes. This analysis was performed using 
the classical discriminant analysis function in SYSTAT 11.  
Additionally, Principal Components Analysis (PCA) was performed with the 
Principal Components function of SYSTAT 11 to examine directionality of changes in 
the relative abundance of taxa identified as having contributed significant variation in the 
DFA models. Component loadings were Varimax rotated and the analysis was restricted 
to 2 components with minimum Eigenvalues of 1.0.  
 
Results: 
 A total of 128 diatom taxa were observed in the 45 samples examined. Taxonomic 
richness of each sample ranged from 15 taxa (Surface) to 34 taxa (Upwelling). Diatom 
densities ranged from 41 valves / mm
2 
(Rock 7 Control) to 1755 valves / mm
2
 (Rock 15 
Upwelling). A paired sample T-test (Zar 1999) showed that the increase in diatom density 
(valves / mm
2
) between Control and Upwelling rocks was significantly greater than that 
between Control and Surface Treatment rocks (n = 15, p = 0.024).  Rock roughness had a 
small, but significant negative influence on diatom density, however, the regression was 
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poor (p = 0.043, R
2 
= 0.227). This effect was not considered to be important to the study 
as it occurred equally across all treatment groups. 
 Paired sample T-tests were also used to evaluate differences in the mean change 
in Shannon’s Diversity and Shannon’s Evenness between Surface and Upwelling groups. 
Mean Shannon’s Diversity increased slightly among the Upwelling Treatment, while it 
decreased slightly among the Surface Treatment (Table 3). A paired sample T-test 
showed that Shannon’s Diversity increased significantly more from Control to Upwelling 
Treatment than it did for Control to Upwelling Treatment (n = 15, p = 0.019). Mean 
Evenness decreased slightly among both the control and perturbation treatments. 
However, the magnitude of this decrease was significantly smaller among the Upwelling 
Treatment rocks than it was among Surface Treatment. (Paired Sample T-test, n =15, p = 
0.039).  
 As differences were detected between group means for diatom density, Shannon’s 
Diversity, and Evenness, we used DFA to evaluate the influence that changes in the 
density and relative abundance of individual taxa had on overall community patterns. 
Eighteen taxa were identified as having contributed significant variance to the DFA 
model for density and twenty-three taxa were identified by the DFA model for relative 
abundance (Table 4). Both models clearly separated samples into two distinct groups 
(Density: F = 256.511, p < 0.0001, relative abundance: F = 617.455, p < 0.0001) and 
correctly assigned samples to their respective groups 100% of the time. Only Achnanthes 
minutissima f. gracillima sensu Hustedt 1942, Cymbella cesati var. undulata, and 
Synedra cf. ulna contributed significant variance in both models.  
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 Taxa responded differently to the control and perturbation treatments (positive, 
negative, or no change in relative abundance in one or both treatments). PCA was used to 
help elucidate the directionality of these responses within the group of taxa identified as 
having contributed significant variability in the DFA models. In the PCA ordination plot, 
an increase in PC1 corresponded with a decrease in relative abundance in the Upwelling 
Treatment, while an increase in PC2 corresponded with an increase in relative abundance 
in Surface Treatment (Fig. 3). Most taxa clustered near one axis or another, while taxa 
such as Cymbella cesati f. undulata and Navicula pupula clustered positively on both 
axes, Fragilaria lapponica f. lanceolata and Achnanthes cf. subatomoides clustered 
negatively on PC1 and positively on PC2, Achnanthes minutissima f. gracillima and 
Brachysira longirostris clustered positively on PC1 and negatively on PC2, and Cymbella 
cryptocephala and Gomphonema intermedium clustered negatively on both axes.  
Discussion: 
  To become established and maintain presence within a biological system, a taxon 
must successfully endure three filters (dispersal, physiological, and biological) (Lodge 
1993). Due to their dispersal ability and short generation time, diatom taxa are widely 
assumed to be successful at the dispersal level of the Lodge model, and are therefore 
useful in the evaluation of physiological and biological effects. In this study, we used a 
novel perturbation technique to evaluate the effects of disturbance on the epilithic diatom 
communities on small ultrabasic rocks from Lake Matano’s littoral zone. 
 Preliminary floristic surveys of the diatoms of the Malili Lakes (Bramburger et al. 
2004) and historical data from the initial surveys of the lakes by Hustedt (1942), have 
reported 140 diatom taxa from Lake Matano. In this study, we encountered 128 taxa from 
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the epilithon on a single beach. This result suggests that previous studies have 
underestimated the taxonomic richness of the lake, and supports assertions by Hustedt 
(1942) and Bramburger et al. (2004, 2006) that the reported taxonomic richness of the 
Malili Lakes diatom flora will likely increase as further taxonomic work is completed. 
Although 128 taxa is a relatively large number of species to work within a single study, it 
is substantially lower than the diversity encountered in many microbial disturbance 
studies (Kennedy & Smith 1995, Palmer 1997, Wohl et al. 2004), and may be considered 
depauperate both in terms of taxonomic richness and abundance. The functional 
redundancy typical of many microbial systems was not observed in the Lake Matano 
diatom assemblage.   
Taxonomic richness (corrected to the Control group) was higher on Upwelling 
Treatment rocks than on Surface Treatment. These data, coupled with higher Shannon 
Diversity, Evenness, and diatom density on upwelling rocks than that on control rocks 
suggests that the diatom assemblages in the Surface Treatment were subjected to possible 
higher levels of stress, narrower resource gradients, or a stronger selective pressure than 
those of Upwelling Treatment. This response probably reflects differences in the 
concentrations of several nutrients and metals, including high Cr VI variation between 
the surface water and upwelling treatments. Such a conclusion is consistent with the work 
of Sabater (2000), who showed marked decreases in Shannon Diversity and Evenness at 
sites downstream of a major mine tailings spill in a river. Similarly, Niyogi et al. (1999, 
2002) found a significant negative correlation between stress from mine tailings 
deposition and Shannon diversity index in primary producers in streams. Additionally, 
Ruggiu et al. (1998) showed a sharp decrease in Shannon’s diversity and evenness of 
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epilithic diatoms coincident with metal pollution in the fossil record of Lake Orta (N. 
Italy). Conversely, Hirst et al. (2002) detected no significant relationship between diatom 
evenness or diversity and metal concentrations. The slight decrease in evenness among 
both treatments compared to the “Before” group suggests that diatoms in both treatments 
were engaged in ongoing competitive interactions, with the stronger competitors 
gradually gaining numerical dominance over the weaker (Grime 1998). These findings 
are consistent with notions of ecological succession through competitive exclusion during 
intervals between disturbance events.  
Interestingly, despite the number of rare taxa included in this study, we were 
unable to induce a change in the taxonomic composition of the diatom community 
through disturbance. The changes observed were restricted to subtle shifts in relative 
abundance and suggest that Matano’s diatom community does not exhibit resistance to 
perturbation in a classical sense. We also failed to observe evidence of fine-scale 
resilience in the classical sense, but this was not surprising as conditions in the upwelling 
treatment were maintained for the entire experimental period, and re-colonization from 
external sources was not permitted.  
Despite the depauperate nature of the initial, pre-disturbance community, overall 
diatom density increased within upwelling treatment replicates, suggesting maintenance 
of overall community function from the standpoint of diatom production.  Discriminant 
Function Analysis (DFA) was able to clearly separate samples into their correct treatment 
groups based on differences in the increase of density of diatom taxa. This density 
increase did not occur across all taxa, and significant changes in the relative abundance of 
various taxa were observed. In fact, the DFA model utilizing relative abundance data was 
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also able to correctly separate the samples into two treatment groups with a higher degree 
of statistical significance than the density model. Many of the taxa identified as having 
contributed significant discriminant variation to the density and relative abundance DFA 
models (Table 2) have previously been identified as early successional taxa in Chapter 4. 
These findings support Grime’s (1998) assertion that post-perturbation succession is 
strongly influenced by founder effects associated with subordinate taxa that flourish in 
conditions unfavourable to taxa that are dominant under-pre perturbation conditions.  
The concept of condition-specific competition is well represented in the literature 
(Tilman 1977, Persson 1986, Barata et al. 1996, Huisman et al. 1999, Taniguchi and 
Nakano 2000, Holway et al. 2002, Costanzo et al. 2005). The majority of this work, 
however, was not conducted at the community scale. Although competition studies 
conducted with pairs of taxa are valuable predictive tools, condition specific competition 
remains untested among larger assemblages. The case of indirect, community-level 
effects exerted by keystone species, however, represents an ecological analogue to 
physiologically-mediated condition-specific competition. In his classical study, Paine 
(1966) documented the competitive exclusion of Balanus barnacles after the removal of 
the carnivorous starfish Pisaster ochraceus from the rocky intertidal zone. Many authors 
have made arguments that other taxa assume similar roles as keystone species and 
maintain community diversity through indirect competitive effects on various taxa 
(Menge et al. 1994, Navarette & Menge 1996, Anderson et al. 2002, Křivan 2003). The 
example of the keystone species implies that indirect effects can serve to enhance 
community diversity, but this is not always the case. Indirect effects primarily alter the 
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relative abundances of taxa within a competitive community, and enhancement of 
diversity in the presence of a keystone species is merely one of many potential outcomes.  
 Similar to pressures exerted on competitive communities by organisms occupying 
higher trophic levels, abiotic mechanisms have the ability to influence the outcome of 
competitive interactions. Mechanistically, Brock et al. (1995) and Forrow and Maltby 
(2000) suggested that the increase in abundance of a sensitive taxon after contaminant 
stress removal is due to an abundance of a shared limiting resource in the absence of the 
contaminant-tolerant competitor. Several authors, however, have pointed out that the 
mechanisms underlying condition-specific competition are poorly understood 
(Hutchinson 1961, Jaeger 1970, Tilman 1977, Grace and Wetzel 1981, Taniguchi and 
Nakano 2000).  
We used Principal Components Analysis helped to elucidate the directionality of 
changes in relative abundance and found that species such as Achnanthes cf. 
subatomoides and Fragilaria lapponica f. lanceolata exemplified taxa that clustered in 
such a manner as to indicate increases in relative abundance in both treatments when 
compared to the before group. This finding suggests that these taxa are able to compete 
successfully regardless of conditions, whereas the group of taxa including Achnanthes 
minutissima f. gracillima, Brachysira longirostris, and Gomphonema angustissimum 
tended towards decreases in relative abundance for both treatments, suggesting that these 
taxa are relatively weak competitors regardless of environmental conditions. Cymbella 
pseudodelicatula and Navicula pupula were among the taxa that tended towards a 
decrease in relative abundance in the surface treatment and increased in upwelling 
treatment. Taxa that clustered near zero along the PC1 axis (Mastogloia malayensis, 
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Mastogloia recta) exhibited little change in relative abundance under normal conditions, 
but had varying degrees of positive or negative responses to perturbation. Taxa that 
clustered near zero on the PC2 axis (Achnanthes helvetica, Navicula cf. digitoradiata) 
were indifferent to the imposed perturbation, and were likely responding to 
environmental variables not altered by this event. Many of the taxa identified by PCA as 
having a competitive advantage after perturbation, or as being indifferent to various 
treatments were the same taxa identified as generalist species (Chapter 3) or early 
successional forms (Chapter 4). 
 In conclusion, the alteration of the chemistry of the overlying water invoked 
community-level changes in the diatom assemblages of the epilithon at Salonsa Beach, 
Lake Matano. These changes were consistent with the notions of condition-dependant 
competition proposed by Persson (1986), Barata et al. (1996), Holway et al. (2002), and 
Costanzo et al. (2005), and although the underlying mechanisms are not understood, we 
postulate that the changes observed represent independent species responses to an altered 
abiotic environment. In this study, the distinct shift in community trajectory after a 
perturbation event is contrary to notions of stable, resilient climax communities proposed 
by Clements (1916), and Perry (1988). 
Our findings also challenge the assertion of Taniguchi and Nakano (2000), that 
condition-specific competition models are not sufficient to explain community-level 
interactions in the absence of species-specific behavioural responses. In this case, some 
dominant taxa could no longer maintain a competitive advantage over their more 
sensitive counterparts under an altered chemical regime, and taxa released from 
unfavourable competitive interactions exhibited a simple demographic response. These 
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results provide insight into the patchy spatial patterns of shifting relative abundances 
within the endemic, benthic diatom community of Lake Matano reported in Chapter 2, 
and suggest that changes in abiotic conditions can strongly influenced competitive 
dynamics and colonization resistance within the community.  
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Table 1: Concentration values for shallow and deep treatment waters. * - Metal 
concentration below the analytical detection limit (ICP OES, Instrumental Detection limit 
stated). 
 
Metal Surface 
Concentration 
μmol∙L-1 
Upwelling 
Concentration 
μmol∙L-1 
Arsenic 0.11* 0.11* 
Calcium 285.67 684.88 
Cadmium 0.009* 0.009* 
Chromium 3 0 0.002 
Chromium 6 0.23 0 
Copper 0.21* 0.21* 
Lead 0.06* 0.055* 
Magnesium 1587.41 471.00 
Manganese 0.12 0.06 
Nickel 0.06 0.067 
Phosphorus 0.002 0.007 
Selenium 0.38* 0.38* 
Zinc 0.11 0.016 
Iron 0.32 0.31* 
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Table 2: Changes in density for Surface and Upwelling Treatment Rocks compared to 
Control Rocks. 
Replicate Change in Density from control (Individuals mm
-1
) 
Surface (A) Upwelling (B) 
1 -60.19 66.76 
2 157.23 441.97 
3 -15.06 441.83 
4 98.96 299.36 
5 229.19 155.32 
6 179.26 244.71 
7 212.88 353.33 
8 169.71 153.41 
9 19.11 61.61 
10 93.34 175.20 
11 -93.85 206.99 
12 -31.05 642.86 
13 146.83 120.10 
14 25.29 173.36 
15 183.06 1712.55 
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Table 3: Rock Characteristics including Shannon’s Diversity (H), Evenness (E) and 
Roughness Index (R). 
Rock # Treatment H E R 
1a Surface 2.09 0.60 176.35 
1b Upwelling 2.25 0.73 115.10 
1c Control 1.97 0.66 107.52 
2a Surface 1.96 0.69 109.92 
2b Upwelling 2.75 0.79 154.48 
2c Control 2.35 0.70 161.45 
3a Surface 1.65 0.63 151.30 
3b Upwelling 2.48 0.75 73.81 
3c Control 2.01 0.73 175.08 
4a Surface 2.33 0.77 162.79 
4b Upwelling 2.05 0.68 154.99 
4c Control 2.53 0.80 203.82 
5a Surface 1.93 0.66 149.68 
5b Upwelling 2.64 0.77 110.18 
5c Control 2.19 0.70 143.53 
6a Surface 2.34 0.75 158.42 
6b Upwelling 2.20 0.74 111.36 
6c Control 2.08 0.71 48.39 
7a Surface 1.98 0.65 102.25 
7b Upwelling 2.38 0.73 180.39 
7c Control 2.10 0.70 97.60 
8a Surface 2.57 0.81 88.75 
8b Upwelling 2.10 0.71 160.10 
8c Control 2.49 0.79 159.35 
9a Surface 2.14 0.70 125.34 
9b Upwelling 2.27 0.72 72.65 
9c Control 2.13 0.71 56.27 
10a Surface 2.03 0.68 166.62 
10b Upwelling 2.51 0.76 99.66 
10c Control 2.31 0.73 48.44 
11a Surface 2.30 0.71 122.57 
11b Upwelling 2.46 0.71 171.98 
11c Control 2.62 0.82 89.81 
12a Surface 1.76 0.61 152.63 
12b Upwelling 1.43 0.51 292.67 
12c Control 2.15 0.72 89.86 
13a Surface 1.92 0.63 97.08 
13b Upwelling 2.36 0.72 168.22 
13c Control 1.86 0.67 96.34 
14a Surface 1.77 0.59 127.10 
14b Upwelling 2.33 0.71 70.03 
14c Control 2.27 0.75 169.60 
15a Surface 2.31 0.74 157.82 
15b Upwelling 2.50 0.75 104.56 
15c Control 2.19 0.70 142.58 
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Table 4: Taxa identified by DFA as having contributed significant variance to models for 
Density and Relative Abundance. Relative weights are expressed as canonical 
discriminant function loadings corrected for within group variance (SYSTAT 11). 
 
Taxon Taxon Code Authority DFA Density DFA Relative 
Abundance 
Achnanthes cf. 
pseudolinearis 
Achcfpseud Hustedt (1942) 0 2.05 
A. cf. 
subatomoides 
Achcfsubat Lange-Bertalot 
& Archibald in 
Krammer & 
Lange- Bertalot 
(1985) 
0 -24.07 
A. 
pseudolinearis 
Achpseudol Hustedt (1942) 1.84 0 
A. helvetica Achhelvetic Lange-Bertalot 
in Krammer & 
Lange-Bertalot 
(1989) 
0 8.59 
A. minutissima 
f. gracillima 
Achmingrac Lange-Bertalot 
in Krammer & 
Lange-Bertalot 
(1989) 
-6.57 26.77 
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Amphora 
towutensis 
Amptowute Hustedt (1942) 6.43 0 
Brachysira 
longirostris 
Bralongiro Hustedt (1942) -3.07 0 
Cymbella cesati 
f. undulata 
Cymcesundu Hustedt (1942) 23.37 -27.54 
C. cf. ruttneri Cymcfruttn Hustedt (1931) 0 -16.83 
C. 
cryptocephala 
Cymcryptoc Hustedt (1942) 19.196 0 
C. subalpina Cymsubalpi Hustedt (1942) 0 -10.72 
C. subalpina f. 
dubia 
Cymsubadub Hustedt (1942) 0 -7.60 
C. 
pseudodelicatul
a 
Cympseudo Hustedt (1942) 3.73 0 
C. subturgida Symsubturg Hustedt (1931) 3.48 0 
Eunotia 
pseudoveneris 
Eunpseudo Hustedt (1942) 0 4.23 
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F. lapponica f. 
lanceolata 
Fralapflan Hustedt (1942)  2.59 
Gomphonema 
aff. Clavatum 
Gomaffclac Ehrenberg 
(1832) 
5.57 0 
G. 
angustissimum 
Gomangust Hustedt (1942) 3.41 0 
G. intermedium Gominterme Hustedt (1942) 0 -5.81 
G. lingulatum Gomlingula (Hustedt) 
Lange-Bertalot 
(1985)  
0 -15.77 
G. towutensis Gomtowute Hustedt (1942) 0 6.64 
G. woltereckii Gomwoltere Hustedt (1942) -0.08 0 
Mastagloia 
malayensis 
Masmalayen Hustedt (1942) -9.47 0 
M. recta Masrecta Hustedt (1942) 0 3.62 
Navicula. cf. 
digitoradiata 
Navcfdigit (Gregory) Ralfs 
in Pritchard 
(1861) 
0 12.05 
N. cf. 
subarvensis 
Navcfsubar Hustedt (1942) 0 -18.26 
N. cf. tignaria Navcftignar Hustedt (1942) 2.15 0 
N. cymbelloides Navcymbell Hustedt (1934) 0 -21.60 
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N. divaricata Navdivari Hustedt (1942) 0 11.50 
N. helvetica 
var. woltereckii  
Navhelvwol Hustedt (1942)  0 -22.60 
N. seminuloides Navseminul Hustedt (1937) 0 3.21 
N. septata Navseptata Hustedt (1942) -12.40 0 
N. subcontenta Navsubcont Hustedt (1942) 6.80 0 
Navicula 
pupula 
Selpupula Mann (1992)  0 16.70 
Nitzschia 
philipinarum 
Nitphilipi Hustedt (1942) -3.07 0 
N. woltereckii Nitwoltere Hustedt (1942) 1.75 0 
Surirella 
conversa 
Surconvers Hustedt (1942) 0 -1.04 
Synedra cf. 
ulna 
Fracfulna (Nitzsch) 
Lange-Bertalot 
(1980) 
8.94 -10.62 
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Figure Legend: 
Fig. 1: Sulawesi Island. Enlarged area shows the Malili Lakes and the location of Salonsa 
Beach on the southern shore of Lake Matano. 
 
Fig. 2: Hypothetical Principal Components Ordination plots for community resistance (a) 
and ecological redundancy (b) scenarios. In a resistant community, species’ RA 
responses align along a gradient of competitive superiority, while in a redundant 
community species’ RA responses cluster in a patchy distribution along an unspecified 
environmental gradient.  
 
Fig 3: Principal Components Ordination plot illustrating directionality of taxon responses 
to Shallow and Deep treatments. Taxa exhibiting an increase in relative abundance (R.A.) 
in the Control Treatment when compared to the before treatment tended to cluster below 
zero on the PC1 axis, while taxa exhibiting an increase in R.A. in Upwelling Treatment 
tended to cluster positively on the PC2 axis. Species codes are defined in Table 2. 
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CHAPTER 6: 
 
EFFECTS OF ANTHROPOGENIC DISTURBANCE ON THE BENTHIC EPISAMMIC 
DIATOM COMMUNITY OF AN ANCIENT, TROPICAL LAKE 
 
Abstract: 
 
 The effects of anthropogenic disturbance on aquatic ecosystems have been widely 
documented. Habitat homogenization, nutrient enrichment and loss of biodiversity are 
broadly recognized as the consequences of human progress. In this study, I examine the 
impacts of long term anthropogenic impacts upon the littoral diatom community at the 
town of Sorowako, located on the south shore of Lake Matano, an ancient tropical lake. 
Mean α-diversity was decreased in association with the town-site. Interestingly, however, 
mean ß-diversity was maintained, despite several decades of shoreline modification at 
Sorowako. Elevated abundances of early-successional diatom taxa in the disturbed area 
drive differences between exposed sites and other sites further from Sorowako. These 
findings suggest that the effects of the Sorowako disturbance are exerted not through the 
breakdown of spatial variability of habitat characteristics associated with nutrient 
additions and accelerated runoff, but through the temporal frequency of perturbation 
events.  
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Introduction: 
 
It is commonly agreed that anthropogenic activity exerts a substantial influence 
on biological community dynamics (Cincotta and Engelmann 2000). Although it is 
currently estimated that approximately 40% of the net primary production of all of the 
earth’s terrestrial ecosystems is appropriated for human consumption (Vitousek et al. 
1986) and 35% of the productivity of the oceanic shelves is used by human beings (Pauly 
and Christensen 1995), habitat loss or modification is the single greatest threat to global 
biological diversity (Sanderson et al. 2002). Western (2001) pointed out that “ecosystem 
simplification is the ecological hallmark of humanity.” Human-modified systems are 
often characterized by simplified food webs, homogenized landscapes and high nutrient 
inputs. In systems such as the Laurentian Great Lakes basin, for instance, 
homogenization of natural landscapes has occurred on such large temporal and spatial 
scales that it is now difficult to quantify its impact. Most of the literature pertaining to 
anthropogenic effects has dealt with singular aspects of human disturbance. Only in 
relatively pristine systems, where drainage basins remain relatively undeveloped, are we 
able to evaluate the specific effects of human developments on biota at the community 
level. 
 
 The Malili Lakes (Matano, Mahalona, Towuti, Masapi, and Lontoa) are a series of 
ancient (~4MY), tectonically formed lakes located on central Sulawesi Island, Indonesia 
(Van Bemmelin 1970). Until recently, there was minimal anthropogenic development in 
the Malili Lakes drainage basin. Consequently, the lakes have remained relatively 
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pristine and have been identified as an important site for the conservation of aquatic 
biodiversity in Asia by the United Nations Environmental Program (UNEP). The biota of 
the lakes is extremely unique, and elevated levels of endemism have been reported in 
several taxonomic groups (Kottelat 1990a, b, Roy 2005, 2008, Von Rintelen et al. 2004, 
Von Rintelen & Glaubrecht 2005, Herder et al. 2006). The diatom assemblages of the 
Malili Lakes exemplify this trend. Hustedt (1942a, b) was the first to report on the 
diatoms of the lakes, and noted the surprising levels of endemism he encountered. 
Subsequent floristic and taxonomic surveys of the Malili Lakes by Bramburger et al. 
(2004, 2006) documented lake-to-lake patterns of distribution not predicted by stochastic 
dispersal and colonization processes commonly associated with diatom assemblages.
 Further distributional surveys conducted exclusively within Lake Matano 
(Chapter 2) revealed pronounced small-scale patchiness in the distribution of benthic 
diatom taxa. Dissimilarities among benthic diatom assemblages at such fine scales 
demonstrated that patchiness was maintained across gradients of geographic proximity, 
as well as different substrata, suggesting that subtle differences in water and substrate 
characteristics, coupled with small-scale disturbance events, were responsible for the 
maintenance of unique assemblages among habitat patches. In Chapter 5, I simulated an 
upwelling disturbance by exposing intact epilithic diatom assemblages from Matano’s 
littoral zone to oxygenated hypolimnetic water. The results failed to provide evidence for 
either community collapse or traditional community resistance (as per Elton 1958, 
Goodman 1975, Menge & Sutherland 1987). In response to a simulated upwelling 
perturbation, taxa within the community responded independently to the altered 
environment with no evidence of higher order response. Interestingly, despite the number 
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of rare taxa in the assemblage, no compositional changes were observed in this 
microcosm experiment, and differences were driven largely by changes in the relative 
abundances of rare taxa.  This was, however, only a microcosm study. What changes 
would be observed in response to a large-scale, in situ disturbance? 
Within the last four decades, major mining activities have been undertaken in the 
immediate drainage of Lake Matano. Typically, humans transform landscapes to procure 
resources, grow food, and build settlements and associated infrastructure (Geist and 
Lambin 2002). With the expansion of mining near Lake Matano, many secondary 
activities have also been increased, including logging, farming, and the growth of the 
town of Sorowako, a town of approximately 80000 people located on the southern shore 
of Lake Matano. The majority of Sorowako’s population lives in stilt dwellings located 
within Matano’s littoral zone. Controls of runoff and sewage from the town are minimal. 
In this study, I examine the effects of these anthropogenic inputs at the Sorowako town 
site on the benthic, episammic diatom community of the littoral zones of the southern 
shore of Lake Matano. 
 In patchy systems characterized by small-scale endemism, such as Matano, 
Reference Condition Approach (RCA) type models would be biased towards returning an 
“impacted” classification for sites whose assemblage differed significantly from 
reference sites, or confused at the occurrence of many previously un-encountered taxa. In 
order to avoid the issues associated with RCA, I evaluated the null hypotheses that there 
are no differences among the mean diatom density, alpha, and β-diversity encountered at 
sites to the east, west, and immediately offshore of Sorowako, and further explore 
patterns of individual species’ relative abundance in the littoral zones around Sorowako 
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in order to understand the influence of anthropogenic inputs on the structure and 
dynamics of the littoral diatom community. 
 
Materials and Methods: 
 
Site Description and Sample Collection 
 Lake Matano is an ancient graben lake (600 m) located within a major fault on 
central Sulawesi Island, Indonesia. The littoral areas of the lake are relatively steep (> 
30°), and substrates range from sand and mud to cobbles, large boulders and bedrock. 
Diatom communities were sampled from nine sites (Table 1) located within three areas 
(east, west, and in front of Sorowako) within the littoral zone along the southern shoreline 
of Lake Matano (Fig.1) in water less than 10 m in depth. Sites at the west end of the lake 
are “upstream” of the town site at Sorowako, in areas of low to moderate shoreline 
development.  Samples were obtained by snorkeling, or by subsampling from a 20cm x 
20cm Eckman dredge. Three samples were obtained by scraping the surface sediments 
into a scintillation vial at each site, for a total of 27 samples.  
 
Diatom Enumeration 
 Diatom material was cleaned by hot nitric/sulphuric acid digestion and subsequently 
rinsed with distilled water and centrifuged at 3000 rpm for 10 minutes. Rinsing and 
centrifugation were repeated 6 times to remove extraneous acid. Known volumes of 
cleaned diatom material were dried onto coverslips and mounted to light microscope 
slides with Naphrax mountant. Additional selected material was mounted on SEM stubs 
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and sputter-coated with gold. Ash-free dry mass of substrate was determined by weighing 
known volumes of substrate before and after drying in an oven overnight at 50º C. 
 Diatoms were counted at 640x with a Leica DMR light microscope using 
brightfield optics. Diatom valves were counted within random fields of view until 
enumeration of the 200
th
 valve of the most abundant taxon. Diatom identification was 
verified with a Philips FEI XL30 ESEM, using accelerating voltages of 10 – 20 kV.   
 
Statistical Analysis 
Count data were used to calculate diatom density in valves per gram dry weight of 
sediment, and relative abundance of diatom taxa for each sample. Additionally, I 
calculated mean and β-α-diversity for each site. One-way ANOVAs with post-hoc 
Bonferroni tests were conducted using SPSS 15 for Windows (SPSS Science 2005) to 
probe for differences in mean density and α-and β-diversity among sample sites. Finally, 
Non-metric Multimdimensional Scaling (NMDS) and Analysis of Similarity (ANOSIM) 
were used to examine similarities between sampling zones based on relative abundances 
of diatom taxa observed. 
 
Water Quality 
 Water was collected with a syringe near the substrate – water interface at each 
sample site. Nitrogen (as nitrate / nitrite) and phosphorus (as phosphate) were measured 
with a Hach portable spectrophotometer (QuickKit method Nitrate DL = 0.05 mg ∙ L-1, 
Nitrite DL = 0.005 mg ∙ L-1, Phosphate DL = 0.005 mg ∙ L-1).  
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Results: 
 
A total of 124 taxa of diatoms were enumerated from the 27 samples examined in 
the study. Taxonomic richness within individual samples ranged from 14 (S2A, S2C) to 
42 (E2A) and richness values for the East, West, and Sorowako zones were 96, 81, and 
61 taxa, respectively. A series of one-way ANOVAs was used to examine patterns of 
diversity along the shoreline. Mean species richness differed significantly across sites (n 
= 27, p = 0.001), with site S2 exhibiting significantly lower mean species richness than 
all other sites (14.67 ± 1.15 taxa).  Mean α-diversity was shown to differ significantly 
from site-to-site (n = 27, p = 0.01), and post-hoc Bonferroni analysis revealed that mean 
α-diversity was significantly depressed at site S2 (2.45 ± 0.27) when compared to all 
other sites (5.39 ± 1.68, Fig. 2). Mean β-diversity also differed significantly from site-to-
site (One-way ANOVA, n = 27, p = 0.01) with site E2 showing a significantly higher 
level of β-diversity than all other sites, and site W1 showing significantly less (Fig 3).  
Diatom density ranged from 2.40·10
5
 valves · g
-1
 (S3B) to 7.82·10
6
 valves · g
-1
 
(S2C). A one-way ANOVA demonstrated significant differences in mean diatom density 
among sites (n = 27, p = 0.01) and post-hoc Bonferroni analysis showed that mean 
diatom density was higher at site S2 than at all other sites except for E1 (Fig. 4). 
Although the highest density coincided with the lowest α-diversity at site S2, a linear 
regression failed to demonstrate a relationship between diversity and density (p > 0.05, 
R
2
 = 0.557).  
NMDS and ANOSIM used to examine differences in species’ relative abundance 
from site-to-site. NMDS clustered Sorowako sites away from both east and west sites, 
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while east and west sites had a slight degree of overlap. Sorowako sites tended to be 
characterized by a high relative abundance of Fragilaria cf. capucina and F. cf. 
lapponica, while West sites had a high relative abundance of Achnanthes cf. helvetica, 
and East sites had low abundances of these three common taxa, high relative abundances 
of Epithemia argus, and higher relative abundances of various taxa within the genera 
Surirella and Navicula. Subsequent ANOSIM analysis revealed that both the East and 
West sampling areas were significantly different from the Sorowako sampling area (p < 
0.01, n = 18) and that East and West areas were different from one another (p = 0.04, n = 
18), although less so than they were from the Sorowako sites. 
 
Discussion: 
 Increased anthropogenic activity at the town site of Sorowako, located on the 
southern shore of Lake Matano exerts a subtle influence on the benthic diatom 
communities of the lake. Species richness and α-diversity were lowest at the epicenter of 
human activity at the Sorowako waterfront. This finding lends support to the widely 
accepted assertion that loss of biodiversity is commonly observed in association with 
anthropogenic development (Western 2001). The consistency of β-diversity (with the 
exception of W1) across sites demonstrates that the inherent patchiness of the littoral 
diatom community of Lake Matano (demonstrated in Chapter 2) is maintained, and there 
is no evidence that cosmopolitan “nuisance” forms have been able to successfully 
colonize the area despite relatively long-term anthropogenic disturbance. These results 
stand in contrast to assertions by Rahel (2002) and Sanderson et al. (2002) that biotic 
homogenization is characteristic of anthropogenically disturbed systems. In Chapter 5, I 
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demonstrated that a simulated “press” type disturbance was able to invoke community-
level changes in the epilithic diatom community of Matano’s littoral zone, and that this 
change was driven primarily by changes in the relative abundance of the rare species 
complement of the flora, with no change in composition being observed. 
Numerical diatom density was highest directly in front of Sorowako at the site 
with the lowest point and α-diversity. Anecdotally, the surface water around Sorowako 
was greener than the surrounding water, alluding to higher algal productivity. 
Eutrophication of water bodies is usually caused by increased phosphorus loadings 
(Schindler 1977). Although the maximum numerical density in this case coincided with 
an area that superficially seemed more productive, total nitrogen and total phosphorus 
from the littoral values along the south shore of Lake Matano, including immediately 
offshore from Sorowako were below instrumental detection limits. 
 Relative abundance data, coupled with the results of NMDS and ANOSIM 
provided evidence to an alternative mechanism capable of influencing density differences 
from site-to-site. NMDS indicated that the assemblages of sites within the Sorowako 
sampling zone were characterized by high relative abundances of species within the 
genus Fragilaria. In Chapter 3, I showed that Fragilaria is typical of genera that 
employed the “adopter” strategy – genera that are characterized by low taxonomic 
diversity and high numerical density. Conversely, assemblages from sites within the East 
sampling zone were characterized by higher relative abundances of taxa within the genera 
Surirella and Navicula – “adapter” genera with high taxonomic richness and low 
abundance (Chapter 3). These inherent generic characteristics have exerted an influence 
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on the diatom density observed at various sites. The relative importance of these two 
mechanisms - adopt or adapt - in determining density is better explained in Chapter 3.   
 Due to the inherent patchiness and small scale distributional patterning exhibited 
by Lake Matano’s benthic diatom community, I elected not to use the Reference 
Condition Approach (RCA) (Reynoldson et al. 1997) to document the effects of 
disturbance in this study. Principal Components Analysis, however, clearly separated the 
assemblages of the Sorowako sampling area from the others. The Sorowako samples 
were characterized by higher density and lower diversity, and the assemblage was driven 
by a high proportion of taxa identified as early successional (Chapter 4) (Fragilaria cf. 
capucina). Conversely, the East and West sampling areas exhibited assemblages with 
higher proportions of late successional forms primarily associated with the genera 
Surirella and Navicula. This distribution is most likely reflective of a longer interval of 
stasis since the last substantial physical / chemical disturbance at these sites. While the 
physical homogenization of habitats adjacent to Sorowako has had some influence on 
these diatom communities, increased levels of anthropogenic perturbation around 
Sorowako have exerted their primary influence on the benthic diatom flora of Matano by 
increasing the  frequency of perturbation events associated with runoff and siltation that 
serve to “reset” the communities to an earlier successional state.Homogenization across 
sample sites within this area is reflected in the outcome of NMDS.  Additionally, the 
increased relative abundance of “adopter” taxa in these spatially homogeneous, 
temporally instable sites supports the general model proposed in Chapter 3. In a broad 
sense, these results also support the early time-stability and structural complexity 
hypotheses proposed by Wallace (1878, 1890) and Sanders (1968) to explain patterns of 
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species diversity. On the other hand, comparisons between diversity and diatom density 
in this study show no significant relationship, and are not parsimonious to recent 
discussions on the relationship between biological diversity and productivity. 
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Table 1: Description of sample sites. 
Site Latitude Longitude Site Description 
East 1 (E1) 02.526º S 121.382º E Moderate construction 
disturbance site on east side of 
point. 
East 2  (E2) 02.444º S 121.376º E Embayment near Theiss bar 
dock. 
East 3 (E3) 02.524º S 121.370º E Public beach and dock near 
INCO B house. 
Sorowako 1 
(S1) 
02.523º S 121.365º E Disturbed laterite embayment at 
eastern end of Sorowako. 
Sorowako 2 
(S2) 
02.520º S 121.359º E Near houses in centre of town. 
Sorowako 3 
(S3) 
02.518º S 121.354º E Western end of Sorowako. 
West 1 (W1) 02.515º S 121.348º E Small beach near golf course, 
downstream from rice paddies. 
West 2 (W2) 02.511º S 121.340º E Steep shoreline just east of yacht 
club. 
West 3 (W3) 02.507º S 121.335º E Public swimming beach at 
Salonsa. 
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Figure Legend: 
 
1. Lake Matano, Sulawesi Island Indonesia, showing locations of sample sites and 
the town of Sorowako. Sampling sites are numbered sequentially from east to 
west, beginning with E1 and ending with W3. Three samples were taken at each 
site. 
2. One-way ANOVA comparison of mean α-diversity among sites (n = 27, p = 
0.01). Error bars represent the 95% confidence interval. 
3. One-way ANOVA comparison of mean β-diversity among sites (n = 21, p = 
0.01). Error bars represent the 95% confidence interval. 
4. One-way ANOVA comparison of mean numerical diatom density among sites (n 
= 27, p = 0.001). Error bars represent the 95% confidence interval.  
5. NMDS plotbased on relative abundance of diatom taxa. High relative abundances 
of Fragilaria cf. capucina and F. cf. lapponica loaded positively axis 1 and PC 
axis 2, high relative abundances of Achnanthes cf. helvetica loaded positively axis 
2, and high relative abundances of Epithemia argus loaded negatively on PC axis 
2.  
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3. 
Error Bars show Mean +/- 2.0 SE
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4.  
Error Bars show Mean +/- 2.0 SE
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CHAPTER 7: 
TOWARDS “RULES OF DIATOM COMMUNITY ASSEMBLAGE:” A SUMMARY 
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 Since the time of Wallace and Darwin, ecologists have sought to describe the 
“Rules of Assembly” – a set of basic, universal tenets that explain the mechanisms and 
processes that regulate the composition, structure, and relative abundance of species. To 
date, these “Rules of Assembly” have proven elusive, and several authors including 
Lawton (1999) and Simberloff (2004) have postulated that the inherent complexity of 
natural communities precludes investigators from ever describing such rules. In this 
summary chapter I provide a synthesis of the various models presented in this dissertation 
and propose rules of diatom community assembly as indicated by findings of these 
studies and supported within the literature. 
 Despite the inherent complexity issues, several authors have made worthwhile 
attemtps to describe a set of assemblly rules. Diamond (1975) and May (1977) proposed 
that alternative steady states can be driven by the order of species invasions into forming 
communities. Tilman (1990) and Holt et al. (1994) argue that community structure is 
regulated largely by the dynamics of consumer taxa that either appropriate a 
proportionally large resource base (R* - Tilman 1990) or support a proportionally large 
predator population (P* - Holt et al 1994) in competitive interactions. These assertions 
were constrained to simple food webs. Drake (1990) likened assembly rules to 
constructing a jigsaw puzzle in which the order that pieces are added can affect the overal 
picture produced by the puzzle. In a review of severl lab and controlled field studies, 
Drake postulated that there was sufficient evidence that assembly rules control 
community pattern, and insinuated that these rules were related to colonization order and 
compeitive intransigence, and could be drowned-out by the signal of stochastic events. 
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The findings of this dissertation agree with the work of Drake (1990) in a broad sence, 
but go further, and explicitly propose rules of assembly generated from empirical data. 
 
Niche Theory and Community Composition: 
 Hutchinson’s (1957) development of this niche model provided a framework to 
explain the phenomenon of coexisting species (MacArthur & Levins 1967) via processes 
such as the competitive exclusion principle (Elton 1946, Lack 1947), and morphological 
character displacement within lineages (Lack 1947, Connell 1980). Niche theory is also 
central to understanding other community concepts that such as resource gradients, 
competition, and resource partitioning.  More recently, investigators have estimated niche 
breadth, or ecological specialization at the species level, by examining the size and 
position of a species’ response in abundance to various resource gradients (Austin et al. 
1990), or more simply, by habitat (Brown et al. 1995, Julliard et al. 2006, Devictor et al. 
2008). While these approaches have been employed across several taxonomic groups, 
results are be influenced by behavioral patterns and transient species, and are often biased 
by low sample sizes and under-representation of habitat types in distributions, especially 
in studies focused on larger organisms (Devictor et al. 2008).  
 In Chapter 3, I proposed a novel method of predicting ecological specialization 
through habitat specificity. In contrast to similar habitat-based approaches, my technique 
does not attempt to directly estimate niche breadth for individual taxa, but predicts 
ecological specialization within groups of taxa. I demonstrated that diatoms exhibited a 
wide range of ecological specialization, and groups of taxa were distributed across this 
specialization gradient at both fine and coarse scales of organization. Furthermore, I 
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showed that ecological specialization is a function of environmental variability in time 
and space. Floras of low-latitude systems, characterized by high spatial variability and 
low temporal variability are composed of primarily specialist taxa, while high-latitude 
systems characterized by low spatial and high temporal variability support more 
generalist strategies. This finding supports the assertion of Levins (1968) that there is a 
tradeoff between ecological specialization and generalization. By specializing, species 
suffer a decrease in their ability to tolerate changing environmental conditions. Similarly, 
Devictor et al. (2008) and Julliard et al. (2006) showed that specialist species tended to 
reside in less fragmented, less disturbed landscapes than their generalist counterparts. 
 I also examined the relationships between ecological specialization and species 
richness, as well as species richness and density, both at the genus level within individual 
floras. The results of these analyses showed that more specialized genera were typically 
associated with increased taxonomic richness. These findings support the assertions of 
Elton (1946) that increased competition in a systems decreases congeneric species 
richness, and of MacArthur & Levins (1967) and Connell (1980) that specialization of 
sympatric taxa favours co-existence. Additionally, these findings support Bramburger et 
al’s (2006) postulation that the small-scale ecomorphological specializations in the genus 
Surirella were responsible for the co-existence of lake-specific species flocks. 
Furthermore, I examined the relationship between congeneric taxonomic richness and 
mean species abundance at the genus level, and concluded that species within more 
diverse genera typically occurred at low abundances, while those from less taxonomically 
diverse genera tended to occur at high abundances. Interestingly, genera with a 
taxonomic richness of more than approximately four or five taxa exhibited a close 
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relationship between taxonomic richness and species abundance. Below this threshold, 
genera tended to cluster either well above, or well below the regression line, suggesting 
that specialized genera maintain high levels of taxonomic diversity through resource 
partitioning (as per Schoener 1974), while less specialized genera might be either winners 
or losers based on competitive interactions with one another.  
 
Stochastic and Deterministic Regulation of Community Structure: 
Early attempts to describe a set of rules that would regulate biological assemblages often 
examined the influence of temporal and spatial habitat variability gradients on patterns of 
taxonomic diversity across latitudes and within various biomes. Wallace (1878) 
suggested that extended bouts of adaptive radiation and species divergence during 
extended periods of environmental stasis were responsible for the high taxonomic 
richness of tropical regions – a theory formalized as the Time-Stability Hypothesis by 
Sanders (1968). With the advent of molecular phylogenetic techniques, however, it has 
been shown that much of the diversity of the tropics evolved over relatively short periods 
(Seehausen 2000), negating the necessity of extended periods of environmental stability 
in the development of these floras. The Structural habitat concept (MacArthur & 
MacArthur 1961, MacArthur 1964) proposes that the relatively high structural 
complexity of tropical habitats affords a broader gradient of ecological opportunities than 
systems at higher latitudes. This concept has been criticized due to the fact that a sizeable 
proportion of the structural diversity of tropical habitats is biogenic, and therefore 
biodiversity may be autocorrelated with structural complexity. A similar concept, the 
Productivity-Stability hypothesis (Pianka 1966) asserted that increased solar irradiance at 
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lower latitudes increases primary productivity, thereby broadening the resource gradient. 
In what has become known as the “paradox of enrichment,” Rosenzweig (1971) pointed 
out that at extremely high levels of productivity (i.e. eutrophic lakes), species richness is 
reduced. All of these concepts imply that deterministic mechanisms are ultimately 
responsible for assemblage development and maintenance, and commonly predict high 
levels of species richness at low latitudes.  
Contrastingly, the Productivity-Disturbance Hypothesis (Huston 1994) states that under 
conditions of high productivity, population growth rates are increased, and species 
diversity can be reduced through the effects of competitive exclusion. On the other hand, 
under intense disturbance regimes, perturbation events slow population growth and limit 
competitive effects, thereby increasing species richness, but if disturbances occur too 
frequently, species richness can be affected by the higher probability of extinction for 
sensitive taxa. A similar notion of maximum richness at intermediate levels of 
disturbance was put forth by Connell (1978), but this “Intermediate Disturbance 
Hypothesis” did not include productivity as a factor.  
In Chapter 4, I investigated the influence of stochastic and deterministic mechanisms on 
community structure dynamics in benthic diatom systems and demonstrated that during 
the initial stages of succession, community patterns were consistent with passive, 
stochastic accumulation of propagules, and developing assemblages were primarily 
regulated by stochastic mechanisms. As the successional period continued, however, 
community patterns began to become dependent upon the characteristics of the 
surrounding habitat. In the tropics, community patterns became reflective of deterministic 
dynamics about 10 days into the colonization period. In the temperate system, however, 
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these deterministic were not observed at any time within a 110 day colonization period. 
These results are partially reflective of the inherent temporal instability of temperate 
habitats and the frequent “resetting” of the community to an early successional 
configuration. Temperate systems do not experience the extended periods of community 
assortment necessary for assemblages to begin to exhibit deterministic dynamics. If the 
intervals between this resetting of the community are shorter than the period required for 
community assortment, then deterministic community structure, although possible, 
remains unobserved (Oemke et al, 1986). The relative importance of these two processes 
in the regulation of community assemblage provides an exciting avenue for further 
investigation. The genera identified as early successional forms in Chapter 4 were the 
same genera identified as ecological generalists in Chapter 3. These same genera have 
also been described as cosmopolitan “nuisance” genera by other authors (Reynolds 1984, 
Pan & Rao 1997, Saros et al. 2005) (Achnanthes, Fragilaria) (See also Hutchinson 1951 
and Abugov 1982 for discussions of fugitive species), while those identified as late  
successional forms here were those characterized as ecological specialists in Chapter 3 
(Surirella, Navicula, Cymbella). Surirella, notably has also been described as a genus 
comprised of highly specialized taxa by several authors (Bramburger et al. 2006, 
Krammer 1989) 
 
Community Dynamics and Response to Perturbation: 
 The responses of communities to changing environments have gathered 
substantial interest from ecologists. While generally regarded as an agent of negative 
change and reduction of biodiversity, disturbance is an intrinsic element of many 
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ecosystems and is often essential for the maintenance of community structure processes 
(Holway et al. 2002, Östman et al. 2006, Radford et al. 2008). Disturbance can create 
vacant habitat patches, slow population growth, and check ecological succession (Huston 
1994). In extreme cases, perturbation events can also lead to local extirpation and 
community collapse (White & Pickett 1985), and has been cited as a facilitator of species 
invasions (Rahel 2002). As such, many investigators have examined the resistance and 
resilience of biological communities in the face of perturbation (Elton 1946, Allison & 
Martiny 2008, Fenchel & Finlay 2004, Meyer 1997).  
 In Chapters 5 and 6, I examined the effects of perturbation at small and large 
spatial scales on the highly-specialized endemic diatom communities of an ancient, 
tropical lake. In Chapter 5, I exposed intact epilithic assemblages to a simulated 
upwelling event. In contrast to classically accepted paradigms predicting community 
collapse, resistance, or ecological redundancy in microbial systems (Allison & Martiny 
2008, Fenchel & Finlay 2004, Meyer 1997), my results revealed that taxa within this 
system responded independently to altered environmental conditions. This finding 
suggests that different taxa within this system were tracking different resource gradients, 
essentially indifferent to one another’s existence, consistent with notions of resource 
partitioning (Schoener 1974). These results also support my assertion in Chapter 3 that 
taxa tend to partition resources above a certain threshold of ecological specialization. 
Furthermore, the results of these chapters provide evidence that rare taxa are not 
necessarily at risk of extirpation in the face of disturbance (as per White & Pickett 1985). 
 In Chapter 6, I evaluated the impacts of long-term anthropogenic activity on the 
benthic diatom community of an ancient tropical lake. My results were consistent with 
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the majority of the disturbances described in the literature in that there was a decrease in 
taxonomic and α-diversity associated with perturbation. However it was also illustrated 
that the inherent patchiness of the lake’s diatom assemblage was maintained despite the 
disturbance. Furthermore, there was no evidence for invasion of exotic taxa into the 
disturbed area, in contrast to the assertions of Rahel (1999) and Simberloff (1974) 
regarding global homogenization of freshwater biota. Additionally, Principal 
Components Analysis (PCA) indicated that differences among sites within the disturbed 
area and those within the east and west areas were driven largely by the high relative 
abundance of cosmopolitan taxa from the genera Fragilaria and Achnanthes in the 
disturbed sites, and the comparatively higher abundance of specialized taxa from genera 
such as Surirella and Navicula at other sites.  This result again emphasizes the 
implications of the findings of the earlier chapters. In Chapter 3, Fragilaria and 
Achnanthes were among the genera characterized as ecological generalists, and were 
identified as early-successional forms in Chapter 4. The genera Surirella and Navicula, on 
the other hand, were among those genera characterized as ecological specialists within 
the system in Chapter 3, and were identified as late-successional forms in Chapter 4.  
 
Summary and Proposed “Rules of Assembly:” 
 In summary, my results show that there is a gradient of ecological specialization 
that bears a significant relationship to the tradeoffs between temporal and spatial habitat 
variability observed along a latitudinal gradient (Chapter 3). Furthermore, there also exist 
significant relationships between ecological specialization, taxonomic richness and 
species abundance at both the assemblage and genus level (Chapter 3). Systems with 
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floras that are comprised primarily of specialist taxa tend to exhibit the hallmarks of 
deterministic community regulation, and often show deterministic dynamics early in 
succession. Comparatively, deterministic dynamics are observed infrequently at best in 
more generalized floras, suggesting that succession is often “reset” prior to the onset of 
deterministic regulation (Chapter 4). When subjected to perturbation, highly specialized 
floras that demonstrate high degrees of resource partitioning do not show evidence of 
community resistance or ecological redundancy. Rather, these systems demonstrate the 
effects of ecological independence among taxa, and are capable of maintaining 
alternative steady states in response to subtle shifts in ambient conditions (Chapter 5). 
Taxa characterized in Chapter 3 as specialists were consistently and independently 
identified as late-successional forms (Chapter 4) or indicators of undisturbed habitats 
(Chapter 6), while those characterized as generalists in Chapter 3, were consistently and 
independently identified as early-successional forms (Chapter 4) and indicators of 
anthropogenic disturbance (Chapter 6).  
 Based on the congruence of the results presented thus far, I propose the four 
following general “Rules of Biological Assembly” as they pertain to diatom assemblages 
in freshwaters. 
 
1. Niche breadth, or ecological specialization, is determined by tradeoffs 
between temporal and spatial habitat variability.  
In general, ecological specialization is inversely related to absolute latitude (Chapter 3). 
Specifically, areas characterized by low temporal variability and high spatial variability 
(i.e. low latitude habitats including tropical rainforests, coral reefs, tropical lakes) favour 
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ecological specialists. Conversely, areas characterized by high temporal variability and 
low spatial variability (i.e. tundra, polar ice caps, open oceans), favour ecological 
generalists.  
 
2. Taxonomic richness and species abundance are primarily regulated by 
ecological specialization. 
Taxonomic richness is positively related to ecological specialization, and in turn, species 
abundance is inversely related to taxonomic richness (Chapter 3). More particularly, a 
threshold of taxonomic richness exists at the genus level above which species abundance 
is inversely related to taxonomic richness and below which species abundance bifurcates. 
Specialist taxa (who occur above the richness threshold) demonstrate resource 
partitioning while generalists (occurring below the threshold) show evidence of 
competitive effects. 
 
3. Whether community structure and dynamics are primarily influenced by 
deterministic or stochastic mechanisms is regulated by ecological 
specialization and environmental conditions. 
Community structure shows evidence of deterministic regulation early in succession in 
highly specialized floras; while more generalized floras tend to remain in under the 
influence of stochastic mechanisms related to dispersal and founder effects for extended 
periods (Chapter 4). Communities (specialist or generalist) can be “reset” to an early 
successional configuration by intense disturbance at any time, and the intensity of the 
disturbance regime influences our ability to observe deterministic structure. 
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4. Community response to perturbation is determined by ecological 
specialization. 
In general, communities comprised of specialist taxa and characterized by high levels of 
resource partitioning exhibit ecological independence, and changes in species’ 
trajectories after perturbation are not related to one another (Chapter 5). Due to the broad 
resource tolerances of generalist taxa, community resistance in the traditional sense and 
ecological redundancy remain the province of more generalized communities. Simply, a 
generalist can be replaced by another generalist, but a specialist cannot necessarily be 
replaced by another specialist.  
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Appendix 1: Count Data for Lake Matano Benthic and Planktonic Diatom Assemblages. 
Taxon M
1 
M
2 
M
3 
M
4 
M
5 
M
6 
M
7 
M
8 
M
9 
M
 
1
0 
E
1 
E
2 
E
3 
S
1 
S
2 
S
3 
W
1 
W
2 
W
3 
D
S
1 
D
S
3 
D
S
5 
D
N
2 
D
N
4 
Achnanthes 
cf lata 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
4
6
 
7
0
 
8
 
6
 
8
 
4
 
0
 
1
8
 
0
 
0
 
0
 
0
 
0
 
Achnanthes 
cf 
pseudoswaz
i 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
8
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Achnanthes 
arcus 
0
 
0
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
3
 
0
 
Achnanthes 
delicatula 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
Achnanthes 
helvetica 
2
0
9
 
2
0
1
 
2
5
 
5
8
 
2
0
2
 
2
0
6
 
3
 
1
0
3
 
2
0
9
 
4
5
9
 
0
 
4
0
 
3
3
2
 
2
4
 
9
8
1
 
3
0
0
 
4
5
0
 
4
5
6
 
7
0
4
 
1
 
0
 
3
 
0
 
0
 
Achnanthes 
kyrophila 
0
 
3
3
 
4
 
4
 
2
 
2
 
0
 
8
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
Achnanthes 
lanceolata 
8
 
4
1
 
1
 
6
 
2
0
 
5
 
0
 
2
1
 
1
1
 
1
 
6
 
4
 
4
6
 
8
 
1
6
 
1
4
 
2
2
 
5
9
2
 
3
4
 
0
 
2
 
1
 
1
 
0
 
Achnanthes 
minutissima 
(short 
stubby) 
1
3
 
3
6
 
1
2
 
4
 
5
 
2
3
 
2
1
 
1
2
 
9
 
6
 
4
8
 
9
2
 
2
8
 
0
 
0
 
0
 
1
1
 
0
 
2
8
 
9
 
1
7
 
6
 
2
5
 
9
 
Achnanthes 
minutissima 
(long) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
1
 
0
 
7
7
 
2
 
Achnanthes 
minutissima 
var. 1 (A. 
pusilla-like) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
0
 
0
 
 202 
Achnanthes 
pseudolinea
ris 
0
 
0
 
0
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Achnanthes 
woltereckii 
5
4
 
4
5
 
1
1
 
9
0
 
5
2
 
9
0
 
2
1
2
 
3
1
 
4
 
2
 
6
4
 
4
8
 
6
2
8
 
2
2
8
 
0
 
0
 
1
2
 
6
6
 
4
4
 
0
 
3
 
4
 
1
3
 
1
 
Amphora 
towutensis 
1
 
1
 
0
 
2
 
0
 
1
 
0
 
0
 
1
 
0
 
8
 
2
 
1
8
 
0
 
0
 
0
 
4
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
Amphora sp. 
1 (file 
Matdia44) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
Aulacoseira 
sp1. 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
Aulacoseira 
sp. 2 (file 
Matdia_2) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
Brachysira 
longirostris 
1
0
 
6
0
 
4
4
 
3
8
 
1
7
 
8
 
3
2
 
1
0
 
1
4
 
5
 
1
0
8
 
7
6
 
1
5
8
 
8
8
 
5
2
 
1
5
0
 
3
3
 
1
0
8
 
5
4
 
4
1
6
 
4
5
1
 
2
9
1
 
4
3
3
 
4
7
5
 
Brachysira 
microcephal
a 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
3
 
0
 
Brachysira 
serians 
1
 
0
 
1
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Caloneis cf 
clevei 
0
 
0
 
0
 
0
 
0
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Caloneis cf 
malayensis 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
4
2
 
0
 
0
 
0
 
0
 
0
 
 203 
Caloneis cf 
silicula v 
minutissima 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
3
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Cocconeis 
placentula 
7
 
2
 
5
 
0
 
0
 
0
 
3
5
 
2
2
 
0
 
1
 
1
0
 
6
 
1
0
 
3
2
 
2
 
2
6
 
1
0
 
7
0
 
0
 
1
 
3
 
2
 
0
 
2
 
Cocconeis 
placentula 
klinoraphis 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Cyclotella cf. 
meneghiana 
(file 
Matdia_1) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
Cymbella cf. 
cistula 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
3
 
0
 
Cymbella 
bicapitata 
1
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Cymbella 
cesati f. 
undulata 
8
 
1
 
6
8
 
1
0
 
2
 
1
 
1
1
 
1
 
0
 
1
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Cymbella 
cryptocephal
a 
3
1
 
4
1
 
4
0
 
7
1
 
2
1
 
1
7
 
7
5
 
2
0
 
1
0
 
1
 
1
3
2
 
2
8
 
1
8
 
0
 
2
 
0
 
2
 
0
 
8
 
2
5
 
1
 
5
6
 
1
0
 
0
 
Cymbella 
gracillima 
0
 
0
 
0
 
1
1
 
0
 
0
 
3
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
0
 
0
 
2
 
Cymbella 
leptoceroide
s 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
Cymbella 
malayensis 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
4
 
3
2
 
4
 
2
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
 204 
Cymbella 
malayensis 
v. rostrata 
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Cymbella 
sp. 2 (file 
Matdia??) 
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Epithemia 
sorex 
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Fragilaria 
lapponica 
7
 
1
3
 
0
 
1
5
 
7
1
 
1
7
 
1
 
2
 
1
2
0
 
3
2
 
0
 
1
2
 
3
5
6
 
1
3
2
 
3
7
2
 
3
7
4
 
1
7
2
 
5
8
 
3
4
2
 
2
 
1
 
1
 
0
 
0
 
Gomphone
ma 
angustissim
um 
3
 
6
 
1
 
0
 
0
 
0
 
0
 
3
8
 
0
 
0
 
0
 
2
 
4
 
0
 
0
 
0
 
0
 
6
 
0
 
0
 
0
 
0
 
0
 
0
 
Gomphone
ma 
intermedium 
3
 
5
 
4
 
1
0
 
4
 
1
5
 
2
 
0
 
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
3
1
 
0
 
0
 
Gomphone
ma cf 
lingulatum 
0
 
3
0
 
1
 
2
 
2
 
0
 
0
 
6
 
1
2
 
0
 
0
 
0
 
4
 
1
6
 
3
6
 
1
6
 
0
 
2
5
 
0
 
0
 
0
 
0
 
0
 
0
 
Gomphone
ma 
longissimum 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
2
 
0
 
0
 
0
 
6
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Gomphone
ma cf. 
olivaceum 
(file 
Matdia_51) 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
4
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
2
 
0
 
0
 
Gomphone
ma 
parvulum 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
2
 
1
0
 
2
2
 
3
2
 
0
 
0
 
4
 
1
8
 
0
 
0
 
0
 
0
 
0
 
0
 
Gomphone
ma sp 1 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
2
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Gomphone
ma 
woltereckii 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
8
 
0
 
4
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Hantzschia 
cf. 
Amphioxis 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
2
 
2
 
4
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
1
 
0
 
Mastagloia 
malayensis 
0
 
0
 
2
5
 
4
 
0
 
1
 
1
8
 
0
 
0
 
0
 
0
 
2
 
6
 
0
 
0
 
0
 
0
 
4
 
2
 
0
 
2
 
0
 
0
 
0
 
 208 
Mastagloia 
recta 
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Navicula cf 
cymbelloide
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Navicula 
cymbelloide
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Navicula 
seminuloide
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sumatrana 
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Navicula sp. 
10 (file 
Matdia_37) 
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